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GENERAL INTRODUCTION 
Glacial till soils in central Iowa and throughout the midwest are some of the most 
productive soils in the world. However, agricultural chemicals applied to cropland are 
recognized as potential nonpoint sources of pesticides and elevated nitrate-nitrogen 
concentrations detected in aquifers throughout the state (Hallberg, 1989). The fate of 
agricultural fertilizers and pesticides in the environment is important in Iowa and the 
midwest because widespread use of these chemicals can result in degradation of potable 
water supplies. 
Determining the fate of agricultural chemicals in the environment is a difficult 
problem for researchers because of the wide range of soil types and rainfall characteristics in 
addition to the many tillage and chemical management practices used by farm managers. 
Additionally, preferential transport of chemicals through the vadose zone is being 
recognized as an important transport mechanism pertaining to chemical movement through 
the root zone. However, the final answer on the effect of preferential flow on groundwater 
quality is unknown. The overall goal of this research was to design and test a large borehole 
cavity system which can be used to study agricultural chemical transport through the vadose 
zone. 
Farmers throughout the region are adopting conservation tillage practices to comply 
with government programs and as a means to reduce production costs. Although adopting 
conservation tillage is a sound environmental practice, the impact of conservation tillage on 
groundwater quality is not clear. Conservation tillage can reduce surface water 
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contamination by reducing surface runoff and erosion, but tiie increased infiltration has the 
potential to increase leaching of chemicals to the shallow groundwater system. 
A major concern with conservation tillage practices is the transport of agricultural 
chemicals through preferential flow paths present in the soil profile. Preferential flow paths, 
such as earthworm burrows, decayed root channels, and soil fissures provide a means to 
rapidly transport chemicals through the root zone. Although preferential flow is recognized 
as a means of chemical transport with both conventional and conservation tillage practices, 
flow paths can persist in fields where conservation tillage and no-till practices are 
established. Therefore, adopting conservation tillage practices can improve surface water 
quality by reducing soil erosion but also has the potential to degrade groundwater quality. 
Past research has shown conclusively that preferential flow can cause rapid transport 
of chemicals through the vadose zone. Rice et al. (1991) reported preferential flow caused 
solute velocities 1.5 to 2.5 times greater than would be expected with conventional piston 
flow while Richard and Steenhuis (1988) reported solute velocities up to two orders of 
magnitude greater than expected. Although preferential flow occurs in soils with both 
conventional and conservation tillage, Gish et al. (1991) reported solute movement through 
preferential flow paths was most prevalent with no-till practices where macropore structure 
was well established. 
Whether or not preferential flow has a negative impact on groundwater quality at 
the field and watershed scale is not fiilly understood. In some cases, preferential flow may 
reduce chemical leaching because water flowing through macropores can bypass much of 
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the soil matrix where the chemical is located (Czapar et al., 1992). Conversely, rapid 
infiltration through macropores can result in chemicals bypassing the biologically active root 
zone and moving to the groundwater system where chemical degradation rates are reduced 
(Steenhuis et al., 1990). 
Preferential flow of water and chemicals is recognized as a potential threat to 
groundwater resources. However, preferential flow is one of many variables which 
determine the fate of agricultural chemicals in the environment. There is evidence that 
timing of chemical application with respect to precipitation events is an important factor in 
chemicals leaching fi-om the root zone (Baker and Johnson, 1983). Shipitalo (et al., 1990) 
reported that the first precipitation event after chemical application was critical in reducing 
the potential for losses by preferential flow during later storms. It was found that the first 
storm after application can move the chemical into the soil matrix, thereby reducing the 
potential of transport through macropores during later storms. 
The literature suggests that the fate of agricultural chemicals in the environment is a 
function of many parameters which are unique to different soil, climate, and management 
practice systems. Although no one study can provide all the answers to chemical transport 
in the field, studies focusing on individual components of chemical transport can be used to 
estimate the impact of various management practices on groundwater quality. 
The borehole cavity used in this study was installed at the Agricultural and 
Biosystems Engineering Research Center near Ames, Iowa as part of a comprehensive 
study investigating the fate of agricultural chemicals in the environment. Research activities 
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at the field site included data collection from subsurface drains, shallow and deep 
piezometers, and surface runoff. While these studies provided much information on 
chemical transport, the measured parameters illustrated the effect of various management 
schemes on water quality but provided limited information on the process of chemical 
movement firom the soil surface to the sampling point. Therefore, the borehole cavity was 
designed to complement current data collection activities by providing information on 
chemical transport fi"om the soil surface to the shallow groundwater system. 
Determining the effect of preferential flow on groundwater quality is important 
because the movement toward conservation tillage offers the potential to affect 
groundwater quality throughout the midwest. Efforts to determine the role of preferential 
flow on chemical transport will enable researchers to develop best management practices 
which consider surface water quality as well as groundwater quality. Also, fundamental 
research on preferential flow will lead to development of better mathematical models which 
can be used to evaluate the effect of preferential flow on groundwater quality at the field 
and watershed scale. 
The specific objectives of this study were to; 
1) Design and construct a large borehole cavity system to enable collection of data 
on water and chemical transport through the vadose zone. 
2) Evaluate the performance of the system by determining the transport of surface 
applied tracers under simulated rainfall conditions. 
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3) Estimate the mass transport of the surface applied tracers and evaluate the 
capability of a computer model to predict water and solute transport. 
Dissertation Organization 
This dissertation is organized in paper format and comprises three papers. Each 
paper focuses on the objectives given above. The first paper describes in detail the design 
and construction of the borehole cavity used in this study. Although the content of this 
paper appears to be more suitable for the Materials and Methods section, it was reasoned 
that since preferential flow is a relatively new research topic, a detailed description of this 
facility would be valuable to other scientists investigating preferential flow. 
The second paper focuses on a rainfall simulation experiment conducted using the 
borehole cavity. The experiment was used as a means to evaluate the performance of the 
system as well as providing detailed information on preferential transport of surface applied 
tracers. These two papers were submitted to TRANSACTIONS of the ASAE as a series to 
describe the construction technique used and the scope of the information attainable with 
the system. 
The third paper focuses on mass transport of the surface applied tracers by 
estimating the mass balance of applied tracers and using a computer model to predict solute 
transport during the experiment. The computer model was used to see if models based on 
the convective-dispersion equation are capable of estimating solute transport through glacial 
till soil. At the end of the dissertation, there is an overall summary giving the major 
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conclusions of this study and a complete bibliography including the references cited in the 
general introduction. 
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AGRICULTURAL CHEMICAL TRANSPORT 
THROUGH THE VADOSE ZONE: 
I. DESIGN OF A LARGE BOREHOLE CAVITY^ 
A paper submitted to TRANSACTIONS of the ASAE 
Dean I. Olson, Rameshwar S. Kanwar and John H. Bischoff ^ 
Abstract 
A large borehole cavity was designed and constructed to investigate agricultural 
chemical transport through the vadose zone to the shallow groundwater system. A 3.05 m 
diameter by 3.65 m length culvert was installed vertically in an excavated cavity to provide a 
permanent structure. Stainless steel suction lysimeters were installed radially from the cavity 
wall to collect water samples from the vadose zone and from below the water table. Suction 
lysimeters were located at five depths in the soil profile with five replications at each depth. 
^ This work was supported by the USDA-CSRS Water Quality Special Grants Program of 
1990. Journal Paper No. J-16379 of the Iowa Agriculture and Home Economics Experiment 
Station, Ames, Iowa. Project No. 3003. Mention of trade or company name is for the benefit 
of the reader and does not imply endorsement by the authors or Iowa State University. 
^ Graduate Research Assistant and Professor, Department of Agricultural and Biosystems 
Engineering, Iowa State University, Ames, lA 50011, Instructor, Department of Agricultural 
Engineering, South Dakota State University, Brookings, SD 57007. 
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A monitoring system consisting of electronic tensiometers and a data logger were 
used to measure and record soil water pressure head at three depths in the vadose zone. The 
data logger system can be used to initiate automatic collection of water samples during 
leaching events. Preliminary data collected with the system illustrated rapid changes in 
pressure head and nitrate-nitrogen and atrazine concentrations during rainfall events. 
KEYWORDS. Chemical transport, vadose zone, suction sampler, data logger. 
Introduction 
The quality of water leaching through glacial till soils to the shallow groundwater 
system is important in Iowa and other areas that rely on surface and subsurface water as a 
drinking water supply. Agricultural chemicals used on cropland have been recognized as 
potential nonpoint sources of nitrate-nitrogen and pesticides detected in aquifers throughout 
Iowa (Hallberg, 1989). Although the glacial till subsoil offers some protection for the deep 
bedrock aquifers, shallow wells and outlets of tile drainage systems are susceptible to 
leaching losses from the root zone. 
Production agriculture has responded to concerns about water quality and the 
environment by implementing management practices such as conservation tillage. 
Conservation tillage can reduce surface water contamination by reducing surface runoff and 
erosion. However, the increased infiltration has the potential to increase leaching losses of 
chemicals to the shallow groundwater system (Kanwar et al., 1988; Everts and Kanwar, 
1990). 
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A concern with conservation tillage practices is the development and persistence of 
preferential flowpaths in the soil profile. Preferential flowrpaths such as wormholes, decayed 
root channels, and soil cracks, provide a means to rapidly transport nitrate-nitrogen and 
pesticides to the water table. Preferential movement of water and chemicals has been 
observed in field and laboratory studies (Singh and Kanwar, 1991; Kanwar et al, 1990; 
Everts and Kanwar, 1990; Richard and Steenhuis, 1988). These studies reported solute 
velocities ranging from 1.5 up to two orders of magnitude greater than would be expected 
•with piston flow. 
Although preferential flow is recognized as a means of chemical transport with both 
conventional and conservation tillage practices, the overall effect of preferential flow on 
groundwater quality is largely unknown. There is a need for field data to better understand 
the role of preferential flow in transporting agricultural chemicals through the vadose zone. 
Therefore, a research facility was designed and constructed to study the transport of 
agricultural chemicals through the vadose zone. Specific design criteria of the system were; 
1. Install soil water samplers horizontally from the cavity wall to intercept water 
leaching through the soil profile. 
2. Monitor water quality at five depths in the soil profile to depict changes in quality 
as water leaches through the vadose zone. 
3. Record soil water pressure head at three depths in the soil profile to determine 
water flux through the vadose zone. 
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Literature Review 
Determining the fate of agricultural chemicals in the environment poses a difficult 
problem for researchers because of the complex nature of chemicals interacting with the 
plant, soil, and water systems. Sampling groundwater to determine nitrate-nitrogen and 
pesticide concentrations is commonly used to evaluate the effect of various tillage and 
chemical management practices on chemical leaching fi-om the root zone. Efforts to quantify 
the movement of chemicals through the soil profile have resulted in many different methods 
of collecting water samples for analysis. 
Piezometers have been used extensively to monitor water quality and determine 
groundwater movement at the field and watershed scales (Kanwar et al., 1993; Koterba et 
al., 1991; Denver, 1991). Piezometers installed in the saturated zone can be used to evaluate 
the effect of various tillage and chemical application practices on groundwater quality. 
However, the use of piezometers is limited to saturated conditions and provide no data if the 
water table falls below the level of the piezometer. 
In order to obtain water quality data in the unsaturated zone, methods to extract 
water samples firom the vadose zone have been developed. Vacuum lysimeters consisting of 
a porous material are installed in the unsaturated soil and an applied vacuum draws water 
through the porous material into a collection vessel. Other methods used to extract water 
firom unsaturated soil include wick samplers, or gravity collection pans to capture infiltrating 
water (Dorrance et al., 1991). 
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Saturated and unsaturated water collection methods can be used to investigate 
chemical movement from the soil surface to the shallow groundwater system. One approach 
to investigating chemical transport is the use of piezometers and vadose zone sampling 
techniques to measure chemical concentrations at different locations in a field or watershed. 
This technique provides point data on water quality changes at various depths in the soil 
profile throughout the field or watershed. However, spatial and temporal variability 
complicates data analysis and care must be taken when interpreting the data (Starr et al., 
1991). 
One methodology used to minimize the difficulty of variability is analysis of drain tile 
effluent (Everts and Kanwar, 1990). The advantage of using drain tile effluent is that the 
resulting outflow hydrograph integrates the effects of preferential flow and spatial variability 
into field scale equivalent parameters. A disadvantage of this technique is the difficulty in 
separating out the preferential flow component of the outflow hydrograph. Everts and 
Kanwar (1990) employed a technique similar to baseflow separation of a stream flow 
hydrograph to estimate the preferential flow component of the drain outflow. Another 
approach to separating preferential flow component from tile flow was to assume that 
preferential flow occurs only during precipitation events and ceases when precipitation 
ceases (Kumar and Kanwar 1994). 
Another approach to studying chemical transport is the use of soil monoliths. 
Monoliths, or lysimeters, have been used to study chemical transport through both disturbed 
(Corwin and LeMert, 1994) and undisturbed soil columns (Klocke et al., 1993). While 
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lysimeters are valuable in studying chemical movement through the vadose zone, it is 
oftentimes difficult to apply the results from these relatively small soil blocks to a field or 
watershed scale. Additionally, it is virtually impossible to isolate soil blocks without 
disturbing the natural conditions, and the boundary conditions introduced by encasing the 
soil may distort the results from which would occur under field conditions. 
A method which gives the advantage of monitoring vadose zone flow under field 
conditions is the use of a caisson lysimeter. This type of lysimeter consists of collector pipes 
installed radially from a vertical chamber (Dorrance et al., 1991). This method is 
advantageous because the horizontally installed collector pipes intercept water infiltrating 
through undisturbed soil. Since the samplers are installed horizontally, macropore structure 
is not disturbed from the surface to the point of sampling. Additionally, farm management 
practices such as tillage and chemical application can be performed directly over the 
sampling point without interference which occurs with vertically installed systems. 
One example of caisson lysimeters being used in the field was at a research site in 
South Dakota. In this study, caisson lysimeters were installed in the vadose zone to study 
preferential flow through a glacial till soil profile (Bjomeberg and BischofF, 1989). 
Lysimeters, which were 1.3 m diameter by 2.3 m deep, were installed at fifteen different 
locations in the field. Water samplers were installed at 60, 120, and 180 cm depths in each 
lysimeter. Additionally, a data logger system was installed to monitor changes in soil water 
pressure head. 
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Materials and Methods 
The research facility used in this study was modeled after the lysimeters installed at 
the South Dakota site with some modifications. The main difference was the size and depth 
of the excavated vertical chamber. This type of system was chosen because of the 
advantages associated with horizontally installed instrumentation. Also, by excavating a 
larger chamber and installing instrumentation around the perimeter of a larger lysimeter, it 
was possible to obtain replication without the expense of excavating additional lysimeters. 
Additionally, by increasing the depth of the excavated chamber, it was possible to collect 
water samples from below the water table. This design enabled data collection at various 
depths in the unsaturated zone as well as from the shallow groundwater system. 
This system was designed to provide detailed information on chemical movement as 
water leaches from the soil surface to the shallow groundwater system. Changes in chemical 
concentrations at incremental depths in the vadose zone and the water table provide a more 
clear representation of chemical movement during and after leaching events. Data obtained 
from this facility will enable researchers to better understand chemical transport through the 
vadose zone and to help define best management practices to minimize leaching losses from 
the root zone. 
The site chosen for construction of the borehole cavity was located in a 11.7 ha field 
at the Agronomy-Agricultural Engineering Research Center near Ames, Iowa. The area 
where the borehole cavity was constructed consisted of ten 0.4 ha plots with drain tiles 
installed at the center of each plot (Figure 1). The field site is part of ongoing research 
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activities where the effects of various tillage and chemical management practices on 
groundwater quality is being investigated. The borehole cavity was installed to complement 
data being collected from piezometers and drain tiles located throughout the field. 
Borehole Construction 
The first step towards installation of the borehole cavity involved excavating the 
vertical chamber. Soil excavation was accomplished using a crane mounted auger system 
operated by a local construction contractor. This machine was designed to drill vertical holes 
up to 20 m depth. The system consisted of a typical boom crane, a 3.2 m diameter auger bit, 
and mounted engine to drive the kelley bar and auger bit. Soil was removed in small layers 
about 10 to 20 cm thick by turning the auger until the flights were filled with soil. Then, the 
operator lifted the auger vertically and rotated the machine away from the excavation site. 
Spoils were removed from the flights by spinning the auger bit. This procedure was repeated 
to a depth of 3.7 m. 
The soil horizons were described during excavation of the hole by observing the 
change in soil color, texture, and organic matter. Based on these observations, soil core 
samples (75 mm x 75 mm) were collected for each layer from three faces of the cavity wall. 
Hydraulic conductivity of the soil cores was determined using a constant head permeameter 
technique. 
The soil t3T)e around the borehole cavity was classified in the Nicollet-Webster series 
vwth a nearly level soil surface (Table 1). Sand lenses are common at approximately 90 to 
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120 cm depths for this soil type. Hydraulic conductivity measurements of the soil cores 
ranged from 10"^ to 10"^ cm s"' (Table 2). 
Originally, it was planned to collect data for macropore characterizations at various 
depths. However, due to soil disturbance caused by the auger bit and time constraints, the 
characterization procedure was abandoned. Soil cores and horizon descriptions were 
obtained to the 180 cm depth. Measurements were not taken at deeper depths because the 
cavity wall was in danger of collapsing and the contractor was allowed to rapidly excavate 
the cavity to the final depth of 3.7 m. 
In order to provide a permanent structure, a 10 gauge steel culvert, 3.05 m diameter 
by 3.65 m length, was installed vertically in the hole with approximately 0.15 m length 
extending above the soil surface. The annulus space around the borehole perimeter was filled 
vwth a mixture of 50% sand and 50% granular bentonite. The bentonite in the mixture was 
used to seal the perimeter and prevent short circuiting of water along the cavity wall while 
the sand in the mixture was used to prevent large cracks from forming during dry weather. 
During installation of the culvert, one face of the wall started to collapse. Therefore, as a 
precautionary measure, PVC pipes were installed outside the steel culvert to facilitate 
pumping a grout slurry into the affected area. 
After the annulus space around the borehole perimeter was filled, a sump was 
constructed at the bottom of the cavity to remove excess subsurface drainage. Then, a 
concrete floor was installed to seal the bottom of the cavity. Installation of the concrete floor 
was a two step process. First, four small holes were excavated in the soil floor to allow 
16 
installation of earth anchors. Then a 0.45 m grid spacing of 1.2 cm rebar was installed with 
the ends of the rebar placed through predrilled holes in the culvert wall. The four earth 
anchors were attached to the rebar over each small hole and the concrete filled each hole, 
thus encasing the anchors in pilings. 
Additional concrete was added so that the floor was approximately 3.4 m from the 
soil surface. This procedure was used to anchor the culvert in place and offset the buoyancy 
force expected when the water table may rise near the soil surface. Additionally, a sump 
pump was installed in the sump to remove seepage water. After the concrete cured, the 
bottom of the sump was sealed to prevent dewatering the area around the borehole cavity. 
Lastly, a metal cover with access holes was constructed over the borehole cavity to provide 
a safe working environment and prevent surface applied chemicals from entering the interior 
of the cavity. A schematic sketch of the completed borehole cavity is illustrated in Figure 2. 
Suction Lvsimeter Construction 
The suction lysimeters installed in the soil were commercially available porous 
stainless steel cylinders^ modified for soil water extraction. The cylinders chosen for this 
application were manufactured with 0.2 |im pore sizes. The cylinders, 0.06 m outside 
diameter by 1 m length, were closed by welding a 0.06 m round stainless steel plate to one 
end and closing the other end with a stainless steel adapter (Figure 3). The adapter was 
^ Manufactured by Mott Metallurgical Corporation, Farmington, Ct. 
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machined such that the lysimeter would mate with a standard 0.051 m threaded PVC well 
casing. 
The two sampling ports located on the adapter were installed as a means to create a 
vacuum inside the lysimeter, and also as a means to flush the system if necessary. The curved 
port was designed so that most of the leachate could be removed from the system. The 
longer port was designed to be plugged during normal operation and was installed as a 
foresight in case flushing of the system was required. 
Prior to installing the lysimeters in the field, it was necessary to clean and test each 
lysimeter. First, the lysimeters were cleaned using a nitric acid solution (one part HNO3 and 
four parts distilled water) followed by rinsing with distilled water as per manufacturers 
recommendations. The acid bath procedure was used to remove any impurities due to 
manufacturing and handling of the materials. After completing the cleaning process, it was 
imperative to handle the lysimeters with rubber gloves to prevent contamination. 
Secondly, air entry values of each lysimeter were determined in the laboratory. This 
test was also used to detect any leaks in the welds or fittings. Air entry values were 
determined by using a water bath, a flask, and vinyl tubing to construct a water column. The 
air-filled lysimeters were submerged in the water bath and connected with tubing to an air-
filled flask. Then a water filled tube was raised above the level of the flask to pressurize the 
system. The water column height at which air bubbled through the lysimeter was recorded as 
the air entry value. Testing of the samplers indicated that all samplers could maintain a 
bubbling pressure of approximately 600 cm of water. 
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Installation of Suction Lvsimeters 
A commercial contractor specializing in horizontal boring was hired to excavate the 
horizontal holes and install the suction lysimeters. Horizontal holes were excavated using an 
air drill to power a commercially available drillers bit and water jet. The bit consisted of a 
hollow cylinder threaded on one end with cutting teeth on the other end. Small holes near 
the cutting edge provide a water jet to remove the soil cuttings. 
Operation of the drilling rig consisted of connecting the bit to a pipe which 
functioned as a shaft and water jet supply. A rotary fitting was attached to the other end of 
the shaft which facilitated cormection of a water supply and the air drill. Then, the system 
was pressurized with water as the drill was operated. The rotation of the bit cut the soil and 
the water jet flushed the cuttings back into the borehole. A support brace constructed of 
angle iron was used to ensure that the hole was excavated horizontally from the cavity wall. 
Installation of the lysimeters was a three step process. First, a 0.3 m length of 0.076 
m steel schedule 40 pipe was installed horizontally in a hole drilled in the culvert wall and 
welded into place. This short length of steel pipe provided a smooth entrance through the 
corrugated culvert wall. 
Secondly, a 0.076 m diameter hole was drilled laterally from the cavity wall to a 
distance of 3.66 m. Then a 0.064 diameter schedule 40 PVC pipe was inserted to maintain 
the structure of the hole. This pipe was installed to facilitate installation and removal of the 
suction lysimeters. Lastly, a 0.06 m diameter hole (the outside diameter of the suction 
19 
lysimeter) was drilled an additional meter from the end of the access pipe where the suction 
lysimeter was to be located. 
Once the horizontal hole was excavated, the suction lysimeters were ready to be 
installed. Since the inside diameter of the access pipe was only slightly larger than the 
outside diameter of the suction lysimeter and PVC well casing, it was necessary to remove 
ail soil particles from the access pipe. This was accomplished by flushing the access pipe 
with a garden hose and a reverse direction nozzle. The garden hose was pushed to the end of 
the access pipe, and the reverse direction nozzle directed a jet spray back towards the 
borehole cavity. Then, as the garden hose was pulled slowly back into the cavity, the soil 
particles were removed. As a final cleaning, a rag attached to a pipe was used to sweep the 
access pipe. This extra precaution was used because in one case some sand particles caused 
the lysimeter to bind during installation. 
Once the access pipe was clean, the suction lysimeters were mated with a 1.5 m 
length of 0.051 m diameter schedule 40 PVC well casing, and installed through the access 
pipe. Additional lengths of well casing were attached as the suction lysimeter was being 
installed. The suction lysimeters were rotated to ensure the curved sampling port pointed 
down. Annulus space between each of the pipes was sealed with 0-rings to provide a water 
tight seal and prevent water from seeping into the borehole cavity (Figure 4). Teflon tubing 
attached to the sampling ports extended back into the borehole cavity, enabling extraction of 
soil water. Teflon tubing was used because of the concern that herbicides could be adsorbed 
to other plastic materials. 
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This procedure was used to install suction lysimeters at depths of60, 120, 180, 240, 
and 300 cm depths at five different locations around the perimeter of the borehole cavity. 
Lysimeters installed at different depths were offset so that only one lysimeter was installed in 
a given vertical plane. This procedure of offset installation of suction lysimeters was used to 
allow monitoring of preferential flow through fractures, cracks, and worm or root channels 
reaching the various depths. 
The installation methodology provided a comprehensive network of sampling points 
around the perimeter of the borehole cavity (Figure 5). Suction lysimeters were installed 4 m 
from the cavity wall to minimize interference with the natural flow system and because an 
existing rainfall simulator could be used to apply water over the area. Additionally, the 
system was installed to minimize interference with tillage and chemical application 
procedures in the five-row, controlled traffic system. 
The soil water extraction system was completed by placing collection bottles in 
containers attached to the cavity wall by each suction lysimeter. These bottles were 
connected to a vacuum source and the teflon tubing from the lysimeter. When a vacuum is 
created, soil water is extracted through the porous lysimeter and pulled through the teflon 
tube to the collection bottle (Figure 6). The suction regulator was installed so that a 
maximum suction of 150 cm of water could be applied to the system, ensuring that water is 
collected from the macropores and not pulled from the soil matrix. Higher tensions could be 
achieved by changing the depth of water in the suction regulator. 
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Installation of the Soil Matric Potential Monitoring System 
The final stage of developing the borehole cavity was the design and installation of an 
electronic pressure head monitoring system. Transiometers"*, which consisted of differential 
pressure transducers coupled with a ceramic cup, were a key component of the monitoring 
system. Generally, transiometers are electronic tensiometers with the pressure head 
determined by measuring the differential pressure and calculating the head with a calibration 
curve (Trooien, et al, 1984). 
Transiometers were installed at 60, 120, and 180 cm depths at five different locations 
around the cavity wall perimeter and were installed in the proximity of the suction 
lysimeters. Since the water table is normally at or above the 180 cm depth, the deepest 
transiometers will give an indication of the actual water table position. The methodology 
used to install the transiometers was similar to the procedure used to install the suction 
lysimeters, with the only difference being different size steel and PVC pipe. 
Similar to installing the suction lysimeters, a 0.051 m diameter schedule 40 steel pipe 
was installed horizontally through the cavity wall and welded into place. Then, a 0.051 m 
hole was drilled horizontally to a distance of 3.66 m from the cavity wall and a 0.038 m 
diameter schedule 80 PVC pipe was installed as an access tube. The final step to installing 
the transiometers was to bore a small volume of soil from the end of the access tube where 
the ceramic cup was to be located, and installing the transiometer through the access tube 
and seating the cup with a pushrod (Figure 7). 
* Manufactured by Wat-R-Mation, Brookings, SD. 
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The data logger (Model CRIO manufactured by Campbell Scientific, Inc.) used to 
monitor pressure head had six channels available for direct connection to transducers. Since 
there were 16 transiometers (15 transiometers measuring pressure head and one transiometer 
measuring changes in barometric pressure) in this system, a 32 channel muhiplexer (Model 
AM416 manufactured by Campbell Scientific, Inc.) was installed (Figure 8). The main 
function of the multiplexer was to increase the number of sensors that may be scanned by the 
data logger. Additionally, a tipping bucket rain gage (Model TE525 manufactured by 
Campbell Scientific, Inc.) was installed to record rainfall characteristics. 
The data logger system required a 12-volt power supply to operate the data logger 
and multiplexer. The control ports (CI and C2) on the data logger were connected to the 
multiplexer RES and CLK terminals to activate the multiplexer when measuring the output 
from the transiometers. Then, when the multiplexer was activated, measurements from the 
transiometers were transferred to the data logger via the COM terminals. 
The voltage divider connected to terminals 3H and 3L on the data logger was used 
to record the excitation voltage to the transiometers. The 5V and G ports from the data 
logger provide a regulated 5 volt supply, but measurements recorded with the data logger 
must be +2.5 volts. Therefore, the voltage divider was used to stepdown the voltage to this 
range. This step was not necessary for operation of the system. But, the measurement was 
valuable as a troubleshooting tool to ensure the system was operating correctly. 
Additionally, the excitation voltage was used in the transiometer calibration curves and 
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recording the excitation voltage each time increment was suited for importing the data into a 
spreadsheet template to calculate the pressure head. 
Lastly, a 5-volt control circuit was installed (C3 port) to provide a means for 
automatic water sampling. The low voltage circuit was used to activate a solid state relay 
which energized a 120 VAC outlet powering the peristaltic pump. The data logger can be 
programmed to energize the relay when a given amount of rainfall occurs and a wetting front 
is measured with the shallow transiometers. Then, a vacuum is created in the sampling 
system to collect water samples as the wetting front reaches the sampler depth. 
Results and Discussion 
After construction of the borehole cavity was complete, the data logger was brought 
on-line to record pressure head and water samples were collected during rainfall events. 
Historically, the field site was managed using a controlled traffic no-till system and fertilized 
at a rate of 175 kg ha"^ actual nitrogen. Additionally, atrazine and metolachlor were applied 
during 1990 and cyanazine was applied during 1991 for weed control. 
An example of data collected using the data logger system is illustrated in Figure 9. 
Pressure head responses in area B at the 60,120, and 180 cm depths showed the effect of a 
series of rainfall events over the course of a month. Initially, the water table was below the 
180 cm depth. About the 20th of the month, the water table was at the 180 cm depth as 
indicated by the head equal to zero. 
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Immediate responses to rainfall events were observed at the 60 cm depth during the 
latter half of the month. The pressure head at this depth increased during rainfall and rapidly 
decreased as the soil profile drained. Peak changes in head due to each rainfall event were 
not as apparent at the 120 and 180 cm depths. However, a sudden change in water table 
depth was noted on the 25th of the month even though there was no rainfall. It was possible 
that the sand layer present in the soil profile acted as a barrier to the infiltrating water and 
the cumulative effect of the rainfall events resulted in a sudden downward movement of 
water. 
The nitrate-nitrogen and atrazine concentrations of samples collected during rainfall 
events on the 16th, 20th and 22nd days of the month are summarized in Table 3. The 
maximum atrazine concentration detected was 0.26 ng L"'. However, atrazine 
concentrations decreased to less than the 0.10 ng L"' detection limit after these rainfall 
events. This was probably due to dilution from the rainfall. Observed atrazine concentrations 
were less than the 3 |ig L"' maximum contaminant level (MCL) set by the EPA, but it was 
almost two years since atrazine was applied to this site. Metolachlor and cyanazine 
concentrations were not detected in these samples even though it was two years and one 
year since these herbicides were applied to the soil surface, respectively. 
Nitrate-nitrogen concentrations at the 60 cm depth decreased from 7 to 2 mg L"' 
from the 16th to the 22nd of the month. Again, this was attributed to the diluting effect of 
the rainwater. Similarly, the concentration decreased from 6 to 3 mg L'^ at the 120 cm depth. 
However, concentrations remained relatively constant at the 180 cm and below depths. 
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Based on the limited pressure head data, it appeared that preferential flow was a 
factor in water leaching through the soil profile as illustrated by the rapid changes in pressure 
head and water table depth. However, the effect of preferential flow on chemical transport 
was not as clear. Future operation of this system will provide a more clear understanding of 
preferential transport of chemicals and help to better define best management practices for 
glacial till soils. 
Advantages and Disadvantages of the Borehole Cavitv 
The research facility described in this paper has the potential to provide insight into 
the complex problem of preferential transport of agricultural chemicals through the vadose 
zone. However, the system has some difficuUies and may not be suitable for installation in 
other areas of the country. For example, installation of the system was hindered by sand 
lenses present in the soil. As was observed during installation of the vertical culvert, this soil 
was susceptible to collapsing. Although no major problems were experienced during 
installation of the suction lysimeters, it was impossible to determine if all suction lysimeters 
were installed with good soil contact. However, water samples were attainable from all 
suction lysimeters during subsequent operation of the system. 
Secondly, the automatic sampling procedure has some drawbacks. If a vacuum is 
applied when the wetting firont reaches the shallow samplers, water fi-om the samplers 
located below the water table will be collected immediately. Therefore, during operation of 
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this system, the vacuum line to samplers below the water table may be plugged to prevent 
premature collection of water. Then a sample may be collected manually at a later time. 
Also, the described system ofTers no method to terminate application of the vacuum 
when the collection bottle is &11. Bjomeberg and Bischoff (1989) described a method using 
microswitches and solenoid valves to stop the vacuum when each bottle was full. However, 
to minimize the cost of our system, it was decided to collect water samples manually until a 
suitable methodology could be developed. 
Summary and Conclusions 
A large borehole cavity was constructed to study chemical transport through the 
vadose zone. The borehole cavity consisted of a 3.05 m diameter by 3.4 m deep vertical 
chamber which functioned as a workspace. The borehole cavity was sealed at the bottom 
with a concrete floor and a metal cover with access holes was constructed on top for a safe 
working environment. 
Suction lysimeters were installed horizontally from the cavity wall at five depths in 
the soil profile with five replications at each depth. The lysimeters were constructed of 
porous stainless steel cylinders with 0.2 |im pore sizes. The lysimeters were installed by 
boring radially from the cavity wall and installing the lysimeters a distance of 3.66 to 4.66 m 
from the cavity wall. A peristaltic pump was used to create a vacuum in the lysimeters and 
collect water samples. 
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A data logger and transiometers were installed to monitor changes in soil water 
pressure head. The system was programmed to measure and record hourly head values at 
three depths in the soil profile. Additionally, a tipping bucket rain gage was installed to 
provide information on rainfall characteristics. The system was designed to automatically 
start the vacuum pump to collect samples when a leaching event occurred. However, due to 
difficulties experienced using this method, the system is being operated manually to collect 
water samples. 
Data collected during a series of rainfall events showed rapid changes in pressure 
head and nitrate-nitrogen concentrations in the vadose zone. The data illustrated the 
capability of the system to study chemical transport through the vadose zone. Additional 
data collection efforts will provide a more clear understanding of the effect of preferential 
flow on groundwater quality. 
Specific conclusions of this study were: 
1. The small difference between the inside diameter of the access pipes and the 
outside diameter of the suction lysimeters complicated installation of the 
lysimeters. A larger clearance between the two components would ease 
installation and removal of the lysimeters but would be more difficult to seal the 
annulus space. 
2. The automatic sampling procedure described can be used to collect water 
samples in the unsaturated zone, but causes immediate collection of water 
samples firom below the water table. Solenoid valves controlled by the data 
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logger would be one solution to delay the collection of water samples from below 
the water table. 
3. Rapid changes in pressure head and nitrate-nitrogen concentrations showed that 
frequent sampling of soil water during and after leaching events may be necessary 
to study chemical transport through the vadose zone. 
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Table 1. Characterization of the soil profile around the borehole cavity as a function of 
depth. 
Depth 
(cm) 
Soil 
Horizon 
Characteristics 
0-14 Apl black (lOYR 2/1) loam moist; weak veiy fine subangular blocky 
structure parting to weak fine granular; clear wavy boundary. 
14-25 Ap2 black (lOYR 2/1) loam moist; weak very fine subangular blocky 
structure; very compact; abrupt smooth boundary; formerly labeled 
"A" horizon. 
25-40 AB black (lOYR 2/1) loam; weak veiy line subangular blocky structure; 
gradual wavy boundary. 
40-60 Bgl very dark gray (lOYR 3/1) loam; weak very fine subangular blocky; 
slight increase in clay content; gradual wavy boundary. 
60-76 Bg2 very dark gray-grayish brown (lOYR 3/1.5) loam; few fine faint dark 
grayish brown (lOYR 4/2) mottles; weak very fine subangular blocky 
structure; slight increase in clay content; clear smooth boundary. 
76-102 2BCg dark gray (lOYR 4/1) loam-sandy loam; mottled, o.xrdized, and 
leached; many fine distinct yellowish brown (lOYR 5/5) and few fine 
prominent (lOYR 5/8) and few fine faint grayish brown (2.5Y 5/2) 
mottles; very fine subangular blocky structure; clear wavy boundary, 
(Increased gravel content, bounded at lower boundary by poorly 
expressed but identifiable stone line. 
102-125 2Cgl light olive brown (2.5Y 5/4) sandy loam; mottled, o.\idized, and 
leached; many fine distinct yellowish brown (lOYR 5/5) and few fine 
distinct grayish brown (2.5Y 5/2) mottles; loose single grain 
structure; mottled, reduced, and leached; clear wavy boundary. 
125-142 2Cg2 grayish brown (2.5Y 5/2.5) sandy loam; common fine distinct 
yellowish brown (lOYR 5/6) and common fine faint light olive brown 
(2.5Y 5/4) mottles; massive; mottle, reduced, and leached; abrupt 
wavy boundary. 
142-157 3Cg light olive brown (2.5Y 5/4) loamy sand, with common fine faint 
grayish bro\vn (2.5Y 5/2) mottles; massive; mottled, o.xidized, and 
leached; abrupt wavy boundary. 
157-180 4Cg light brownish gray (2.5Y 6/2) silt loam with common fine faint 
yellowish brown (lOYR 5/8) and many medium distinct yellowish 
brown (lOYR 5/6) mottles; massive; mottled, reduced, and leached. 
31 
Table 2. Variability of observed hydraulic conductivity as a function of the depth and face of 
the borehole cavity. 
Hydraulic Conductivity, K (cm s"') 
Depth (cm) North face South face West face 
5 - 8  2.6 X 10-^ — 1.5 X 10-' 
1 9 - 2 4  4.0 X 10*^ — 4 . 1  x l O ^ ^  
3 2 - 3 8  3.0 X 10"^ — 3 . 1 x 1 0 " ^  
5 0 - 5 5  — 1 . 9  X  1 0 ' ^  2 . 1  X  l O " *  
6 8 - 7 6  2 . 9 x 1 0 - ^  2.0 X 10'^ 2 . 8  X  l O " '  
89 - 103 4.9 X 10"^ 1 . 1  x l Q - ^  7.2 X 10-^ 
1 0 3 - 1 1 4  6.3 X 10"^ 2.6 X IQ-^ 1 . 5  X  1 0 - '  
1 2 0 - 1 3 4  1 . 0  X  1 0 ' ^  1 . 2  X  1 0 " ^  3 . 2  X  1 0 " ^  
1 5 0 - 1 5 6  2 . 5 x 1 0 - ^  3 . 5  X  1 0 " ^  ~ 
1 6 8 - 1 8 6  9 . 7 x 1 0 " '  2.1 X ID"' — 
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Table 3.Nitrate-nitrogen and atrazine concentrations in leachate samples collected during 
three rainfall events in 1992. 
April 16, 1992 April 20, 1992 April 22, 1992 
NO3-N Atrazine NO3-N Atrazine NO3-N Atrazine 
Depth (cm) (mgL'^) (ptgL'^) (mgL'^) (jigL"') (mgL"') (|JgL'') 
60 6.82 0.20 7.65 0.14 2.42 0.14 
120 5.70 0.22 4.16 <0.10 3.06 <0.10 
180 5.53 0.26 5.62 <0.10 5.66 <0.10 
240 6.76 0.10 7.87 0.12 7.53 <0.10 
300 7.55 0.14 8.76 0.10 8.08 <0.10 
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Figure 9. Soil water pressure head response at three depths during a series of rainfall events. 
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AGRICULTURAL CHEMICAL TRANSPORT 
THROUGH THE VADOSE ZONE; 
IL PREFERENTIAL MOVEMENT OF TRACERS UNDER 
SIMULATED RAINFALL CONDITIONS^ 
A paper submitted to TRANSACTIONS of the ASAE 
Dean I. Olson and Rameshwar S. Kanwar^ 
Abstract 
A rainfall simulation experiment was conducted to investigate the preferential 
transport of tracers through the vadose zone. A target rainfall depth of 127 mm was applied 
during a 450 min time period. Chloride was applied with the sprinkler water to illustrate 
infiltration of the applied water through the soil profile while bromide was applied to the soil 
surface to simulate soil nitrate-nitrogen movement. Two agricultural herbicides were applied 
to the soil surface three weeks prior to conducting this rainfall simulation experiment. 
'This work was supported by the USDA-CSRS Water Quality Special Grants Program of 
1990. Journal Paper No. J-163 80 of the Iowa Agriculture and Home Economics Experiment 
Station, Ames, Iowa. Project No. 3003. 
^Graduate Research Assistant and Professor, Department of Agricultural and Biosystems 
Engineering, Iowa State University, Ames, lA 50011. 
43 
Suction lysimeters were used to sample soil water at five depths in the soil profile. 
Water samples were collected every fifteen minutes for conservative tracer analysis while 
samples were collected hourly for herbicide analysis. Conservative tracer analysis indicated 
that both sprinkler and surface applied conservative tracers were first detected at the 300 cm 
depth within three hours of initiating rainfall. Applied at 175 kg ha'\ bromide concentrations 
below the water table increased firom 0 to near 10 mg L"^ while herbicide concentrations 
were mostly below detectable levels during the course of the experiment. Tracer 
breakthrough curves illustrated that preferential flow can cause rapid transport of 
agricultural chemicals to the shallow groundwater system. KEYWORDS. Preferential flow, 
rainfall simulation, tracers. 
Introduction 
Farm managers are encouraged to adopt best management practices to protect soil 
and water resources. Ideally, best management practices enable the producer to minimize the 
detrimental impact on the environment while maintaining optimum crop production. Initially, 
the concept of best management practices focused on reducing soil erosion to protect 
surface water. Although adopting conservation tillage practices can reduce soil erosion by 
reducing runoff, the increased infiltration of water has the potential to increase leaching of 
nutrients and herbicides fi-om the root zone. A major concern with conservation tillage 
practices is the effect of preferential flow on chemical transport through the vadose zone. 
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The impact of preferential flow on groundwater quality is not easily defined. Many 
factors such as rainfall intensity and duration, tillage practices, chemical properties, and 
timing of chemical application influence the movement of chemicals. Additionally, 
preferential flow mechanisms including macropore flow through earthworm burrows and 
root channels (Trojan and Linden, 1992; Czapar et al., 1992), finger flow due to wetting 
front instability (Glass et al., 1990), channel flow due to small scale variations in soil 
properties which cause preferential flow on a larger scale (Morel-Seytoux and Rathnayake, 
1988), and flannel flow due to inclined layers in the soil profile (Kung, 1993), complicate 
efforts to quantify the impact of preferential flow on groundwater quality. 
Although much research has been conducted on preferential flow, the effects of 
preferential flow on groundwater quality are not fiilly understood. Preferential transport of 
water and chemicals has been observed in both field (Everts and Kanwar, 1990; Richard and 
Steenhuis, 1988) and laboratory studies (Czapar et al., 1992; Porro et al., 1993; Singh and 
Kanwar, 1991). These, and many similar studies show conclusively that preferential flow can 
rapidly transport chemicals through the root zone, but the overall effect of preferential flow 
on chemical transport is not clear. In some cases, preferential flow may reduce the total mass 
of chemical leaching when compared to matrix flow because preferential flow can bypass 
much of the soil matrix where the chemical is located (Czapar et al., 1992). 
The complex problem of preferential flow complicates the definition of best 
management practices on glacial till soils in central Iowa. Although conservation tillage 
practices reduce soil erosion, the increased infiltration offers the potential to increase 
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leaching losses of chemicals to the shallow groundwater system. There is a need to better 
define the role of preferential flow in transporting agricultural chemicals through the vadose 
zone because future definitions of best management practices must consider the impact of 
preferential flow on groundwater quality. 
The objective of this study was to evaluate the capability of the borehole cavity 
system to investigate the preferential transport of agricultural chemicals by monitoring 
changes in shallow groundwater quality and soil water pressure head under simulated rainfall 
conditions. A large borehole cavity installed at the Agronomy-Agricultural Engineering 
Research Center near Ames, Iowa was used in this study (Olson and Kanwar, 1994). The 
system consisted of suction lysimeters installed horizontally from the cavity wall and was 
designed specifically to study preferential transport of water and chemicals to the shallow 
groundwater system. 
Literature Review 
Rainfall simulation can be used as an educational tool to demonstrate the merits of 
conservation tillage to the general public or as a research tool to study the effect of 
conservation tillage on water quality. It is a valuable tool because scientists can schedule 
data collection activities and control the rate and amount of applied water. Additionally, 
rainfall simulation reduces the variability associated with natural rainfall and can be used to 
provide data in the event of dry conditions. 
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Dillaha et al. (1988) described a rainfall simulation project designed to educate 
farmers and politicians on the merits of adopting conservation tillage practices. The system 
was used to visually demonstrate the difference in surface water quality collected from 
conventional and conservation tillage plots. Even though these demonstrations effectively 
illustrated the benefits of conservation tillage for surface water quality, the demonstration 
was not designed to illustrate the effect of conservation tillage on groundwater quality. 
Dillaha et al. (1988) used a rainfall application rate large enough to produce runoff 
so that the effects could be observed in the field. However, natural rainfall conditions cover a 
large range of intensities and it follows that infiltration and preferential movement of 
chemicals is dependent on rainfall intensity. Studies addressing the effect of rainfall intensity 
on preferential flow show that rainfall intensity affects both the depth of chemical movement 
and the amount of chemical leached from the surface. 
Trojan and Linden (1992) found that as rainfall intensity increased, less bromide 
tracer was displaced from the soil surface, but what was displaced was distributed more 
evenly with depth and deeper in the soil. Similarly, Bicki and Guo (1991) studied the 
movement of bromide in five tillage systems using different rainfall intensities. In this study, 
bromide movement was primarily by matrix flow under low rainfall intensities (less than 25 
mm h"') and moved the deepest in no-till plots at higher (100 mm h"^) rainfall intensity. 
In addition to rainfall intensity, timing of chemical application with respect to rainfall 
events has an influence on preferential transport of the chemicals. Shipitalo (et al., 1990) 
studied initial storm effects on preferential transport of chemicals. In this study, it was found 
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that the first storm after chemical application was very important in chemical movement 
during subsequent storms. Generally, it was determined that small initial storms can reduce 
the potential for preferential transport during later more intense storms. It was hypothesized 
that the small storms allowed the chemical to move into the soil matrix where preferential 
flow bypassed the chemical during later storm events. 
Another aspect of successfully studying preferential flow through the vadose zone is 
the use of tracers to simulate movement of water and agricultural chemicals. Davis (et al., 
1980) stated that the ideal groundwater tracer is nontoxic, inexpensive, not naturally present 
in the soil, and easy to detect using laboratory methods. From a hydrologic viewpoint, the 
tracer should move with the water and not alter the natural flow of water. Finally, the tracer 
should be chemically stable for a desired length of time to allow for analysis in the 
laboratory. 
Although a wide range of chemical and organic tracers are available, bromide and 
chloride are popular choices to illustrate water and nitrate-nitrogen movement. Bromide has 
been used to simulate nitrate-nitrogen movement in a wide range of soil and climatic 
conditions (Everts and Kanwar, 1990; Jaynes et al., 1992; Bicki and Guo, 1991). In these 
studies, bromide and other conservative tracers were used as surrogates for nitrate-nitrogen 
because elevated background concentrations of nitrate-nitrogen would make it difficult to 
interpret the data. Also, tracers have been dissolved in the applied water to depict water 
movement and to study the effect of chemigation on nutrient transport (Everts and Kanwar, 
1990; Jaynes et al., 1992). 
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Conservative tracers are suitable for illustrating water and nitrate-nitrogen 
movement, but sorption and degradation characteristics of herbicides dictate that different 
tracers must be used to simulate movement of these chemicals. Fluorescent dyes are popular 
choices because of simplicity of analysis. But choosing a good surrogate for common 
agricultural herbicides is much more difficult because sorption and degradation 
characteristics are oftentimes unique for a given herbicide. Generally, the sorption 
characteristics of dyes are diflferent than common agricultural herbicides (Everts and 
Kanwar, 1994). This infers that using actual herbicides for tracer studies may be more 
suitable, but data may be difficult to interpret where the herbicide has been previously 
applied to the soil surface. 
The use of rainfall simulations and chemical tracers has provided much data, but has 
also emphasized the complex nature of preferential transport of agricultural chemicals. Even 
though preferential transport of chemicals is not fully understood, results from tracer 
experiments can provide clues to devise best management practices. For example, Hamlett 
(et al, 1990) recognized that preferential flow can rapidly leach nutrients from the root zone 
and proposed placing fertilizer in the ridges of ridge tillage systems. It was reasoned that 
water would run off the ridges and infiltrate between the rows, thus bypassing the area 
where the fertilizer was located. This "umbrella" effect was found to significantly reduce 
nitrate-nitrogen and tracer movement from the root zone, even though preferential flow was 
occurring. 
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Preferential movement of water and chemicals may never be fully understood, but 
carefully designed experiments can enable researchers to define best management practices 
which minimize the impact on the environment. Additionally, results from these experiments 
will lead to better mathematical models describing preferential transport of chemicals which 
can be used to estimate the impact of preferential flow on water quality at the field or 
watershed scale. 
Materials and Methods 
A large borehole cavity installed at the Agronomy-Agricultural Engineering Research 
Center near Ames, Iowa was used to investigate the movement of tracers under simulated 
rainfall conditions. The borehole cavity system consisted of a culvert installed vertically in 
the soil profile with suction lysimeters installed radially from the cavity wall and a datalogger 
system to measure soil water pressure head in the vadose zone (Olson and Kanwar, 1994). 
The system was designed to collect soil water samples under low tension at 60, 120, 
180, 240, and 300 cm depths at five locations around the perimeter of the cavity (Figure 1). 
Each area around the borehole cavity was designated with a letter (A through E) while each 
lysimeter in the area was designated with a number corresponding to the depth in feet (2,4, 
6, 8, and 10). Therefore, indi\ndual lysimeters were labeled with a letter and a number for 
identification purposes. For example, lysimeter A2 was located in area A at the 60 cm (2 fi) 
depth. 
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History of Fertilizer and Pesticide Application 
Historically, the field site was managed as no-till com since 1984, with 1992 the first 
year of a no-till soybean/com rotation practice. Although the site was described as no-till, 
the field was cultivated twice for weed control each year during this time period. 
Additionally, the area has been managed using a controlled traffic, five row implement 
system. 
The fertilizer and herbicide management practices were consistent with other areas of 
the field (Table 1). Nitrogen fertilizer was applied at 175 kg-N ha'^ each year from 1984 
through 1991 while no nitrogen fertilizer was applied during 1992. Herbicides applied to the 
field site during 1984 through 1991 included combinations of cyanazine, alachlor, 
metolachlor and atrazine. Since soybeans were planted in 1992, the herbicide management 
practice was modified and metribuzin and metolachlor were applied for weed control. 
Tracers used to Simulate Water and Chemical Transport 
Two conservative tracers were applied to illustrate water and nitrate-nitrogen 
movement during the rainfall simulation experiment. Chloride was used to illustrate 
infiltration of the surface applied water while bromide was used to simulate movement of 
soil nitrate-nitrogen through the soil profile. Potassium chloride was dissolved in the 
sprinkler applied water such that the concentration was 230 mg U' chloride. This 
concentration was used to ensure that infiltrating water could be readily detected in the 
collected samples. Bromide was applied toal9xl9m square area around the borehole 
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cavity by dissolving potassium bromide in water and applying the solution with a tractor 
mounted sprayer. The bromide in solution was applied the night before the experiment at a 
rate of 175 kg ha"', which was the rate of nitrogen fertilizer used in the past. 
Herbicides were not applied specifically for this experiment, but metolachlor and 
metribuzin were applied as part of the overall herbicide management practice. Initially, the 
experiment was to be conducted shortly after application, but time constraints caused a three 
week delay. Unfortunately, there were two natural rainfall events during this time period. A 
1.5 mm rainfall occurred three days after application and an 18 mm rainfall occurred over an 
18 hour time period five days after application. Even though the rainfall, along with plant 
uptake, volatilization and degradation would complicate mass balance computations of the 
herbicides, it was decided to collect samples for herbicide analysis. 
Rainfall Simulation Experiment 
The rainfall simulation was conducted by placing a rotating boom sprinkler machine 
(Swanson, 1965) over the borehole cavity. Two 19 m^ canvas tanks were erected on site as a 
water supply. A gasoline powered centrifugal pump was used to deliver water from the tanks 
to the simulator and a gate valve and flowmeter were used to control the flow and achieve a 
rainfall rate of 15.25 mm h"'. Since this was the first rainfall experiment over the borehole, 
the low rainfall rate was used to prevent surface runoff and thus simplify analysis of the data. 
Additionally, the subsurface drain tile in the plot was plugged during the experiment so that 
water flow was primarily in the vertical direction. 
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The water sample collection system was modified to facilitate connecting both 15 ml 
disposable test tubes for conservative tracer samples and 950 ml glass jars for herbicide 
samples. Two tees along with tubing and squeeze clamps were installed in the collection line 
so that the collection vessels were installed in parallel. This configuration was used so that 
either sample bottle could be changed without losing vacuum in the suction lysimeter. Test 
tube racks containing sixty prelabeled test tubes were placed by each suction lysimeter and 
cases of prelabeled glass jars were available for herbicide samples. A high volume vacuum 
pump was used to create suction in the lysimeters during the experiment because the existing 
peristaltic pump would not suffice due to the constant changing of collection bottles. 
Prior to initiation of the experiment, water samples were collected to determine 
background concentrations of the tracers and herbicides. However, baseline samples were 
not obtainable fi^om the 60 and 120 cm depths due to dry conditions. During the course of 
the experiment, soil water samples were collected every 15 min or as often as possible from 
each lysimeter for conservative tracer analysis. Samples for herbicide analysis were collected 
hourly fi-om every lysimeter at the 60,120, and 180 cm depths. Composite samples were 
collected hourly from the 240 and 360 cm depths to reduce the cost of analysis. 
A target rainfall depth of 127 mm was applied to the soil surface. However, a 
moderate windspeed during the experiment caused application depths ranging from 102 mm 
(Area E) to 139 mm (Area B) with the greater depth obseived downwind from the borehole 
cavity. Rain gages were placed in each area to measure actual application depths over the 
samplers. The rainfall period for the simulation was 450 min. Additionally, the datalogger 
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was progranuned to record the pressure head every minute during the course of the 
experiment. 
Five assistants were stationed in the borehole to collect soil water samples. Each 
person was responsible for collecting water samples from one set of five lysimeters and 
recording the bottle number and time of collection for each sample obtained. Composite 
herbicide samples were collected by partially filling the glass jar at each station. Samples 
were collected for a period of fourteen and one-half hours, which included seven hours after 
the rainfall was completed. 
A total of 1175 samples were collected for conservative tracer analysis while 180 
samples were collected for herbicide analysis. Chloride and bromide concentrations were 
determined using a high pressure liquid chromatograph (HPLC) with detection limits of 
approximately 0.1 mg L'^ for chloride and bromide while herbicide concentrations were 
determined using a gas chromatograph (GC) with detection limits of 0.1 jag L"^ for 
metolachlor and metribuzin. 
Results 
The main difficulty encountered during the experiment was the moderate windspeed 
during the latter half of the rainfall simulation. The target rainfall application depth was 127 
mm while actual application depths were 114 mm for Area A, 139 mm for Area B, 120 mm 
for Area C, 107 mm for Area D, and 102 mm for Area E. Since this was the first rainfall 
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simulation experiment using the borehole cavity, the large application depth was used to 
ensure that water would be leached to the deeper lysimeters. 
Two transiometers located at the 60 and 120 cm depths in area E malfunctioned and 
no pressure head data were available for these locations. After the experiment, it was 
discovered that poor electrical connections caused over range values to be recorded by the 
data logger. However, the remaining transiometers functioned flawlessly over the course of 
the experiment. 
Additionally, the suction regulator in the vacuum line source was used to ensure a 
maximum of 150 cm of suction was applied to the lysimeters. However, in some cases water 
samples were not obtainable in the unsaturated soil even though the measured pressure head 
was greater than -150 cm. One possible explanation may be that the actual suction created in 
the suction lysimeter was much less due to friction and temporary loss of suction when 
sample bottles were changed. Another possible explanation may be that the suction 
lysimeters were not installed with good soil contact. 
The data for Areas B, C, and E are presented to show the range of observed 
responses around the perimeter of the borehole cavity. Data from areas B and E illustrated 
responses in areas which received the greatest and the least rainfall application depths, 
respectively. Additionally, areas A and C received similar rainfall application depths and 
areas D and E received similar rainfall application depths. 
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Soil Water Pressure Head Response 
The soil water pressure head responses observed at three depths in Area B are 
illustrated in Figure 2. Initially, the water table was approximately 160 cm below the soil 
surface as indicated by the +20 cm head recorded at the 180 cm depth. The centrifugal pump 
lost prime approximately 30 min before the end of the simulation because the canvas tanks 
were nearly empty. The pump prime was restored after a five-minute delay, and water was 
applied an additional 25 min until the tanks were empty. This brief interruption in rainfall 
was detected as indicated by the sudden drop in head shortly before the end of the 
simulation. 
Similarly, the pressure head responses observed in Area C are illustrated in Figure 3. 
In this case, the difference between the measured head at the 120 and 180 cm depths fi-om 
time equal to 180 min to 350 min was less than the 60 cm difference in elevation between the 
two transiometers. It was possible that a perched water table was created above a sand lens 
located between the 120 and 180 cm depths. However, the difference between the two 
measurements was approximately 60 cm by the end of the rainfall simulation and as the soil 
profile drained. 
Additionally, the pressure head measured with the deeper transiometers suggested 
that the water table was within 40 cm of the soil surface by the end of the rainfall simulation, 
but the shallow transiometer did not measure a positive head. It was possible that the 
difference was due to location of the measurement with respect to rainfall depth. The 60 cm 
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depth transiometer was located next to area D which received 107 mm of rainfall, while the 
180 cm depth transiometer was located near area B which received 139 nun of rainfall. 
The transiometers located at the 60 and 120 cm depths in area E malfunctioned 
during the experiment, but the water table response was measured with the remaining 
transiometer. Observed changes in water table depth for all areas are summarized in Table 2. 
The water table depth decreased by 120 cm in area B which received the greatest rainfall 
application depth while the water table depth decreased by 75 cm in area E which received 
the least rainfall application depth. 
Conservative Tracer Breakthrough Curves 
Generally a wide range of conservative tracer breakthrough curves was observed 
during the experiment which indicated preferential flow was occurring by one or more flow 
mechanisms. For example, observed chloride concentrations were near the applied 
concentration of 230 mg L'^ for the duration of applying rainfall at some lysimeters while 
steadily increasing chloride concentrations were observed with other lysimeters at the same 
depth. In some cases, elevated tracer concentrations were observed with the deep lysimeters 
before changes in concentration were observed with the shallow lysimeters. 
A step function increase in head would be expected with an advancing wetting front. 
This was observed at the 60 cm depth in area B as the pressure head increased suddenly 
from -50 cm to near saturation (Figure 4). This response was supported by the water 
samples collected from this lysimeter. Water samples were not obtainable with 150 cm of 
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suction during the first 120 min of the experiment, even though the measured head was 
greater than the applied suction. However, samples were obtainable when the wetting front 
reached this depth. 
The observed chloride concentrations increased steadily while applying water, which 
resembled solute breakthrough due to matrix flow. Similarly, bromide concentrations 
increased with applying water which would be expected as the surface applied tracer mixed 
with the infiltrating water. A decrease in concentration of both tracers coincided with the 
pump losing prime shortly before the end of the simulation. Similarly, the concentrations 
decreased after the end of the simulation until no more samples were obtainable with the 
applied suction. 
A pressure head response was observed at the 120 cm depth in area B within 45 min 
of initiating rainfall which was 75 min before a response was observed at the 60 cm depth. 
This response could be attributed to entrapped air below the wetting front, but the 
conservative tracers indicated the response was due to water infiltrating to this depth (Figure 
5). The chloride concentration increased rapidly to the applied concentration of230 mg L"' 
which strongly suggested preferential flow to this depth. The chloride concentration 
remained at approximately 230 mg U' for three hours until the concentration decreased to 
100 mgL"'. 
The decrease in chloride concentration coincided with the time the water table 
reached this depth. This response may represent measuring flux average concentration of 
preferential flow versus measuring volume average concentration below the water table. In 
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other words, the high chloride concentrations represent concentrations in water flowing 
through the preferential flow path which may be a small portion of the area intercepted by 
the lysimeter while the lower concentrations represent an average concentration in 
groundwater surrounding the lysimeter. 
Bromide was detected in the initial samples collected at this depth, but the 
concentration increased more rapidly when the suction lysimeter was below the water table. 
Although the chloride concentrations illustrated rapid infiltration of surface applied water, 
the bromide concentrations suggested that preferential flow bypassed the surface applied 
tracer. This response was consistent with macropore flow where the surface applied water 
flowed directly into the flow path and had limited contact with the surface applied tracer. 
There was an almost immediate pressure head response at the 180 cm depth in area 
B (Figure 6). Chloride concentration changed slightly during the first three hours of applying 
rainfall. It was difficult to determine if this was due to infiltrating water or variability in 
background concentration. However, a sudden increase in chloride and bromide 
concentrations at approximately 300 min illustrated that the surface applied tracers were 
leached to this depth. But, the concentrations decreased rapidly even though water was still 
being applied to the surface. 
One possible explanation for this response may be funnel flow. Kung (1993) found 
that inclined layers of soil can cause small perched water table areas to form in the profile. 
Since sand lenses were present in the soil profile, it was possible that the sudden flush of 
water and tracers occurred as the "funnel" drained and then flow ceased for the remainder of 
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the experiment. However, this explanation would be more plausible if the lysimeter was 
located above the water table. 
Since this lysimeter was below the water table, a more suitable explanation may be 
due to instability at the water table surface. The infiltrating water may have been collecting 
at the water table surface and a sudden mixing of the enriched water with the groundwater 
caused the premature peak. It was possible the peak was triggered by the sampling technique 
used in this experiment. The capture zone created by the suction around the lysimeter may 
have accelerated the downward movement of enriched water to the collection point. 
Chloride concentrations observed at all depths in area B are summarized in Figure 7 
to better illustrate water movement through the soil profile. A similar chloride breakthrough 
response was observed at both the 180 and 240 cm depths where a peak concentration 
occurred before the end of the rainfall simulation. There was little change in chloride 
concentrations at the 300 cm depth, but two small peaks suggested that chloride enriched 
water was leached to this depth. 
Similarly, bromide concentrations are summarized in Figure 8 to illustrate movement 
of surface applied tracer through the soil profile. Generally, bromide breakthrough responses 
were similar to chloride breakthrough responses. However, bromide peaks did not coincide 
with initial chloride peaks at the 120 and 240 cm depths where the chloride peaks were 
consistent with preferential flow. Additionally, bromide detected at the 300 cm depth 
showed conclusively that the surface applied tracer was leached to this depth within three 
hours of initiating rainfall. 
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Chloride concentrations observed at all depths in area C are illustrated in Figure 9. 
The breakthrough response observed at the 60 cm depth showed that chloride 
concentrations were initially near the applied concentration and subsequent sample 
concentrations decreased with time. Then concentrations increased with time and a second 
peak concentration of 180 mg L"' was observed at the end of the rainfall simulation. 
Bromide breakthrough response at the 60 cm depth was similar to chloride with a peak 
concentration of 100 mg L"^ at the end of the rainfall simulation (Figure 10). 
The response at the 60 cm depth was consistent with a dual porosity system where 
the initial samples collected represented preferential flow and the increasing concentrations 
to the second peak represented a combination of preferential and matrix flow as the wetting 
front passed this depth. Breakthrough curves at the 240 cm depth were similar to area B 
where peak concentrations were observed before the end of the simulation. Unlike area B, 
bromide was not detected at the 300 cm depth in this area except for one sample where 0.2 
mg L"' bromide was detected. 
Similarly, chloride and bromide concentrations observed in area E are illustrated in 
Figures 11 and 12. The bromide concentrations observed at the 60 cm depth were the 
maximum concentrations observed for all lysimeters. However, the sample volumes collected 
from this lysimeter were less than 5 mL for each 15 min time period. It was possible that this 
lysimeter was installed with poor soil contact, thus limiting the volume of water available 
with the applied suction. 
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The maximum observed chloride and bromide concentrations along with the 
corresponding time of observation are summarized in Table 3 for all lysimeters. The 
background chloride concentrations below the water table were approximately 35 mg L"' for 
areas A and B while background concentrations were approximately 5 mg L"^ for the other 
areas. It was unclear why these two areas had higher background chloride concentrations but 
may have been due to the grout slurry used during installation of the borehole cavity. 
Background bromide concentrations were assumed to be zero which was supported by 
concentrations below detection levels for initial samples collected from all lysimeters below 
the water table. 
Generally, there was a wide range of maximum tracer concentrations observed at 
each depth with no apparent trend of time to peak concentration or with depth. In most 
cases, maximum chloride and bromide concentrations observed at each lysimeter occurred at 
different times. Conventional models based on the convection-dispersion equation for solute 
transport would predict similar breakthrough curves for both chloride and bromide with the 
peak concentrations occurring simultaneously at each depth and a time lag with increasing 
depth. 
Chloride and bromide concentrations observed the following day (time equal to 1700 
min) are summarized in Table 4. Samples were available for three lysimeters at the 60 cm 
depth even though the water table was below this depth. However, it was necessary to apply 
suction for at least one hour in order to collect the samples. 
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Tracer concentrations observed the following day at the 120 cm depth were the most 
variable with chloride concentrations ranging from 6.6 to 76.4 mg L"' while bromide 
concentrations ranged from 2.3 to 55.9 mg L"'. Concentrations at the 180 cm depth and 
below showed less variability, but showed no trend with applied rainfall depth or depth in the 
soil profile. For example, the greatest change in chloride and bromide concentrations at the 
180 cm depth was observed in area C while the greatest changes in concentrations at the 240 
and 300 cm depths were observed in areas B and A, respectively. In some cases, the final 
chloride concentrations were less than initial background concentrations. 
Herbicide Breakthrough Curves 
Herbicide concentration trends were not as apparent as the conservative tracer trends 
because samples were taken less frequently, and in some cases, it was difficult to obtain 
sufficient sample volume. For example, sufficient sample volume was not obtainable from 
lysimeters A2 and E2 during the experiment while five hourly samples were obtainable from 
other lysimeters at this depth. In most cases, sufficient sample volume was obtainable only 
when the suction lysimeter was below the water table. 
Therefore, limited samples were available at the 60 cm depth because the water table 
did not submerge these lysimeters until shortly before the end of the rainfall simulation. 
Generally, herbicide concentrations increased with time, and the peak concentration 
coincided with the end of the rainfall simulation. Although there were differences in peak 
concentration at the 60 cm depth, the metribuzin and metolachlor concentrations observed at 
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lysimeter B2 were typical of other areas at this depth (Figure 13). Samples with no detection 
of herbicides were plotted as zero concentration. Observed peak metribuzin and metolachlor 
concentrations were 2.6 and 3.3 |ig L"', respectively, which were much less than the 200 and 
100 |j.g L"' lifetime health advisory for metribuzin and metolachlor (U.S. Environmental 
Protection Agency, 1994). 
Similarly, between ten and thirteen hourly samples were obtainable from each 
lysimeter at the 120 cm depth. Herbicide concentrations were below the 0.1 |ig L'^ detection 
level for most samples collected with occasional detections of less than 0.5 |ag L"' of either 
herbicide. One exception was observed at lysimeter B4 where the concentrations were much 
higher (Figure 14). Even though this lysimeter was initially above the water table, there was 
sufficient sample volume available within one hour of initiating rainfall. The peak 
metolachlor concentration was 14.0 ng L"^ and the response was similar to chloride while the 
peak metribuzin concentration was 1.3 |ig L'^ and the response was similar to bromide. 
Herbicide concentrations observed at the 180 cm depth and below showed no 
specific trend as was apparent with the conservative tracer concentrations. Generally, many 
of the samples collected were below the detectable level with occasional detections of less 
than 0.5 ^g L'V However, metribuzin was detected at the 240 and 300 cm depths which 
showed that herbicides are susceptible to preferential transport three weeks after application. 
Conversely, the rainfall application rate and depth represented an unusual rainstorm, which 
was similar to the 100-year, 6-hour storm for central Iowa (Waite, 1980). Transport to this 
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depth may not be realistic during an average year, but the observed responses provide useful 
data on understanding the concepts of preferential flow. 
Discussion 
The borehole cavity used in this experiment proved to be a valuable tool for 
investigating preferential transport of chemicals through the vadose zone. The frequent 
measurements of pressure head in conjunction with frequent samples for water quality 
analysis illustrated that water and tracers rapidly infiltrated to the shallow groundwater 
system. Results from this experiment showed that the borehole cavity can be successfully 
used to study preferential flow. 
However, the wide range of tracer breakthrough curves observed in this experiment 
emphasized the random nature of preferential flow paths. Kung (1991) suggested that 
sampler placement may be critical when evaluating preferential transport of chemicals. 
Although the location of preferential flow paths was not considered when installing the 
borehole cavity, it was reasoned that installing suction lysimeters above and below the water 
table would be adequate to evaluate chemical transport through the vadose zone. 
The wide range of observed breakthrough curves complicates explanation of the fate 
of surface applied chemicals. A conclusive answer to whether preferential flow increases or 
decreases chemical leaching firom the root zone was not apparent. In the case of lysimeter 
B4, it appeared that preferential flow bypassed bromide which suggested preferential flow 
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was beneficial, but at the same time lysimeter B4 had the highest metolachlor concentration 
which suggested preferential flow accelerated chemical leaching from the root zone. 
Although the deep lysimeters showed that typical fertilizer application rates could 
result in nitrate-nitrogen concentrations exceeding 10 mg L"\ the rainfall characteristics used 
in this experiment represented an extreme case. The low rainfall intensity along with the high 
application depth was consistent with other studies which showed that low rainfall intensities 
increased chemical displacement from the soil surface (Trojan and Linden, 1992) and the 
high application depth increased the depth of infiltration (Shipitalo, 1990). 
Similarly, the deep lysimeters showed that herbicide concentrations were near or 
below the detectable level during the experiment. It was possible that the three week delay 
after herbicide application decreased the chemical mass available for leaching. The natural 
precipitation events, along wdth degradation and plant uptake may have reduced leaching 
losses during the rainfall simulation experiment. Additionally, the 18 mm natural rainstorm 
may have allowed the herbicides to migrate into the soil matrix as suggested by Shipitalo (et 
al., 1990), thus reducing leaching during the experiment. In the case of lysimeter B4, the 
herbicides may have moved into the macropores but not into the soil matrix. 
The presented data illustrated that preferential flow was a major component of tracer 
movement through the vadose zone, but the overall effect of preferential flow on 
groundwater quality was not clear. However, this experiment was viewed as the first step 
towards determining the effect of preferential flow on groundwater quality. Future 
experiments, such as low intensity rainfall simulation to prevent preferential flow, and 
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monitoring leaching of chemicals under different tillage and chemical management practices 
can be conducted to determine the role of preferential flow on chemical transport. Then, 
results from this experiment and subsequent monitoring under simulated and ambient rainfall 
conditions Avill lead to defining best management practices for agricultural chemicals on 
glacial till soils. 
Summary and Conclusions 
A large borehole cavity installed at the Agronomy-Agricultural Engineering Research 
Center near Ames, Iowa was used to investigate water and chemical transport under 
simulated rainfall conditions. The system consisted of 25 suction lysimeters installed radially 
from the cavity wall with five lysimeters installed at five different depths. Transiometers and 
a data logger system were used to determine changes in soil water pressure head at three 
depths in the vadose zone. 
A rainfall simulation experiment was conducted to evaluate the performance of the 
borehole cavity system by monitoring changes in shallow groundwater quality and soil water 
pressure head. Two conservative tracers and two agricultural herbicides were used as tracers 
to illustrate chemical transport to the water table. Chloride was applied with the sprinkler 
water to illustrate infiltration of the applied water and bromide was applied to the soil 
surface to simulate soil nitrate-nitrogen movement. The herbicides were applied three weeks 
prior to the experiment. 
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A target rainfall depth of 127 mm was applied over the area during a 450 min time 
period. Water samples were collected every 15 min or as often as possible throughout the 
course of the experiment to determine the movement of the conservative tracers. Samples 
were collected hourly for herbicide analysis. Water samples were collected during the period 
of rainfall simulation and for 7 h after the end of rainfall. 
Conservative tracer analysis indicated rapid movement of both chloride and bromide 
to the water table. Both sprinkler applied and surface applied tracers were first detected at 
the 300 cm depth within three hours of initiating rainfall. Applied at 175 kg ha'\ bromide 
concentrations below the initial water table depth were near 10 mg L"' which showed surface 
applied fertilizers are susceptible to leaching to the water table. Herbicide concentrations 
observed during the experiment showed no specific trend. However, in one case the 
herbicides were detected at the 120 cm depth almost immediately after initiating rainfall, 
indicating rapid movement through macropores. 
Specifically, the conclusions of this study were; 
1) The large borehole cavity system can be used to investigate preferential transport 
of agricultural chemicals through the vadose zone. However, the overall effect of 
preferential flow on chemical transport was not clear with the data collected in 
this experiment. 
2) Generally, water samples were not obtainable unless the soil was near saturation. 
Sample availability suggested that some lysimeters were not installed with good 
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soil contact. However, the low suction applied in the lysimeters may have 
prevented the collection of water samples from unsaturated soil. 
3) The transiometers used in this study clearly illustrated changes in soil water 
pressure head as water infiltrated through the soil profile. Two of the fifteen 
transiometers failed during the experiment due to poor electrical connections. 
4) Tracer breakthrough curves showed that preferential flow can result in rapid 
transport of surface applied chemicals to the shallow groundwater system. 
Additional experiments are necessary to determine the effect of preferential flow 
on chemical transport through glacial till soils. 
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Table 1. History of fertilizer and herbicide application practices. 
Year Crop Tillage' N fertilizer 
(kg ha'') 
Herbicide 
1984 Com No-till 175 Cyanazine 
Alachlor 
1985 Com No-till 175 Cyanazine 
Metolachlor 
1986 Com No-till 175 Cyanazine 
Alachlor 
1987 Com No-till 175 Atrazine 
Metolachlor 
1988 Com No-till 175 Cyanazine 
Alachlor 
1989 Com No-till 175 Cyanazine 
Alachlor 
1990 Com No-till 175 Atrazine 
Metolachlor 
1991 Com No-till 175 Cyanazine 
Alachlor 
1992 Soybeans No-till Metolachlor 
Metribuzin 
®Two cultivations during growing season 
''1992 was first year of soybean/com rotation practice 
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Table 2. Comparison of water table response in all areas. 
Initial Peak Water table 
Rainfall pressure head pressure head response 
Area (mm) (cm) (cm) (cm) 
A 114 180 70 110 
B 139 160 40 120 
C 120 155 40 115 
D 107 155 75 80 
E 102 180 105 75 
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Table 3. Maximum chloride and bromide concentrations observed during the experiment. 
Chloride Bromide 
Background Max. Time of Max. Time of 
Depth conc. conc. obs. conc. obs. 
(cm) Area (mg L"') (mg L"') (min) (mg L"') (min) 
60 A — 135.7 540 59.2 540 
B — 227.3 465 64.7 465 
C — 219.6 135 99.6 450 
D — 180.8 405 69.3 225 
E ~ 231.6 435 155.8 180 
120 A 107.4 495 6.2 585 
B — 239.3 105 34.2 615 
C — 152.2 315 65.6 705 
D — 66.8 45 21.8 450 
E — 18.9 300 12.1 300 
180 A 39.6 62.8 420 9.4 360 
B 27.6 130.9 285 15.5 330 
C 1.8 54.1 570 12.5 570 
D 4.6 17.2 555 9.4 540 
E 3.4 39.3 240 7.0 240 
240 A 35.6 52.3 630 10.5 630 
B 37.9 129.9 195 18.7 585 
C 3.3 83.8 555 17.6 315 
D 4.8 24.9 240 4.4 540 
E 3.1 30.3 345 6.1 345 
300 A 32.2 44.4 630 6.1 630 
B 37.1 71.2 495 14.7 315 
C 5.3 7.6 420 0.2 420 
D 5.6 15.5 495 6.9 525 
E 17.4 56.5 540 4.0 510 
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Table 4. Chloride and bromide concentrations observed the day after the rainfall simulation 
experiment at time equal to 1700 min. 
Depth 
(cm) 
Background 
conc. 
Area 
Chloride -
Observed 
conc. 
Change in 
conc. 
Bromide 
conc. 
(mg L"') (mg L"') (mg L"') (mg L"') 
60 A 
B 
C 
D 
E 
120 A 
B 
C 
D 
E 
180 A 39.6 
B 27.6 
C 1.8 
D 4.6 
E 3.4 
240 A 35.6 
B 37.9 
C 3.3 
D 4.8 
E 3.1 
300 A 32.2 
B 37.1 
C 5.3 
D 5.6 
E 17.4 
98.2 - 37.9 
144.3 - 41.9 
105.5 - 63.5 
67.5 -- 3.3 
47.6 - 15.5 
76.4 - 55.9 
15.5 - 7.5 
6.6 -- 2.3 
37.6 -2.0 7.0 
34.9 7.3 4.2 
31.3 29.5 9.7 
9.9 5.3 3.4 
21.3 17.9 3.2 
51.4 15.8 8.3 
73.3 35.4 10.7 
34.4 31.1 7.0 
11.1 6.3 2.8 
8.7 5.6 1.6 
42.3 10.1 5.4 
44.5 7.4 2.3 
4.9 -0.4 0.0 
7.4 1.8 1.8 
22.7 5.3 0.2 
sampler depths plot midpoint 
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Figure 1. Top view of the borehole cavity and suction lysimeters with respect to controlled traffic crop rows. 
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COMPARISON OF PREDICTED AND OBSERVED 
WATER AND SOLUTE TRANSPORT THROUGH 
A GLACIAL TILL SOIL IN CENTRAL IOWA 
A paper to be submitted to Journal of Hydrology 
Dean I. Olson, Rameshwar S. Kanwar, and Dan B. Jaynes 
Abstract 
A rainfall simulation experiment was conducted to investigate water and solute 
transport through the vadose zone. Chloride was used to illustrate infdtration of the applied 
water while bromide was used to simulate nitrate-nitrogen movement. Two agricultural 
herbicides were applied three weeks prior to conducting the simulation as part of the 
chemical management scheme. Water samples were collected every 15 minutes for 
conservative tracer analysis while samples were collected hourly for herbicide analysis from 
five depths in the vadose zone and below the water table. 
Tracer mass balances were estimated using the observed concentrations and showed 
that from 10 to 30% of the applied chloride was leached below the 180 cm depth while from 
4 to 17% of the bromide was leached below this depth. Herbicide concentrations were 
mostly below detectable levels even though from 10.2 and 13.9 cm of rainfall was applied to 
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the soil surface. A computer model which considers two dimensional flow showed that the 
convective-dispersion based model accurately predicted water movement, but 
underestimated solute transport. 
Introduction 
Widespread use of fertilizer and herbicides has been recognized as a nonpoint source 
of elevated nitrate and pesticide concentrations detected in groundwater aquifers in Iowa 
(Hallberg, 1989). Until recently, glacial till soils were thought to be slowly permeable and 
chemicals applied to the soil surface would not migrate to the groundwater aquifer system. 
However, research has shown that preferential flow paths present in glacial till soils can 
cause rapid movement of surface applied chemicals to the shallow groundwater system in 
central Iowa (Everts and Kanwar, 1990). 
The fate of agricultural chemicals in the environment is dependent on many factors 
such as rainfall, soil characteristics, chemical properties, tillage, and chemical management 
practices. Conservation tillage practices are currently being adopted to reduce input costs 
and to comply with government programs. Although conservation tillage practices have been 
shown to reduce erosion by reducing surface runoff, the increased infiltration has the 
potential to increase leaching of chemicals from the root zone. Specifically, preferential flow 
paths present in the soil profile provide a means to rapidly transport chemicals from the soil 
surface. 
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Studies have shown conclusively that preferential flow occurs in most natural soil 
systems (Richter and Jury, 1986; Steenhuis et al., 1990). But conservation tillage practices 
can increase the number of preferential flow paths in the root zone because the lack of tillage 
allows decayed root channels and earthworm burrows to persist near the soil surface. Even 
though much research has focused on preferential flow, the random nature of flowpaths 
complicates efforts to determine the role of preferential flow in chemical transport. 
Computer models are one method which can be used to evaluate the effect of various 
management practices on water quality. However, these models are oftentimes based on the 
convection-dispersion equation and ignore preferential flow. Although computer models 
offer an inexpensive alternative to field experiments, there is a need to verify the models with 
field data to ensure that the simulations adequately describe actual field conditions. 
The presented data were collected during the first experiment conducted using a 
large borehole cavity installed in the field near Ames, Iowa. The system was designed to 
study chemical transport through the vadose zone by monitoring changes in soil water 
pressure head at three depths and water quality at five depths in the vadose zone and below 
the water table. The system was installed in the field fi-om March to August, 1991 and the 
rainfall simulation experiment was conducted in June, 1992 to test the system. Although the 
experiment was viewed as a learning experience for operation of the borehole cavity system, 
the data collected during the experiment clearly showed that water and agricultural 
chemicals can move rapidly through glacial till soils. 
92 
Specifically, the objectives of this study were to: 
1. Estimate the mass transport of two surface applied conservative tracers and two 
agricultural herbicides under simulated rainfall conditions. 
2. Evaluate the capability of a two dimensional convection-dispersion based 
computer model to simulate observed water and tracer movement. 
Literature Review 
Preferential flow of water and solutes through heterogeneous soil profiles has posed 
a difficult problem for scientists and has resulted in many approaches to quantifying the 
effect of preferential flow on water quality. Efforts to visually determine preferential flow 
paths by applying dyes to the soil surface (Coles and Trudgill, 1985; Ritchie et al., 1972) or 
quantifying macropore area by image analysis (Singh et al., 1991) have provided much 
information about the physical characteristics of preferential flowpaths. But this type of 
analysis is laborious and a destructive technique. Non-destructive techniques such as 
computer tomography (Warner and Nieber, 1988) and ground penetrating radar (Kung, 
1991) have also been used to characterize preferential flow paths. Although these methods 
can be used to describe preferential flow paths in the soil profile, the movement of water and 
solutes through these pathways is a complex process which complicates efforts to quantify 
water and solute movement in the field. 
One approach to investigating water and solute transport is the use of soil columns 
under controlled laboratory conditions. Czapar et al. (1992) used packed soil columns with 
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artificial macropores to study preferential transport of chloride and herbicides applied to the 
surface. In this study, chloride breakthrough occurred much sooner in columns with an 
artificial macropore but the total mass leached fi-om the column was less when compared to 
columns with no macropores. In contrast, it was found that herbicides were detected only in 
drainage fi-om columns with macropores. 
Similar studies have been conducted using soil columns with root channels (Li and 
Ghodrati, 1994), and undisturbed soil columns collected fi-om the field (Priebe and 
Blackmer, 1989; Singh and Kanwar, 1991). These and many similar studies have shown 
conclusively that preferential flow can be a major contributor to solute transport through the 
soil. However, the wide range of solute breakthrough curves observed in these studies 
emphasized the random nature of preferential flow due both to soil characteristics and pore 
water velocities. 
Although the use of soil columns is a valuable method for studying preferential flow 
in the laboratory, there is a concern whether column studies reflect water and chemical 
movement in the field. Richter and Juiy (1986) conducted a microlysimeter study in the field 
using a 15 by 30 m area in order to examine the spatial structure of the leaching process. 
Even though a wide range of breakthrough curves was observed in this study, it was 
determined that the area used in the study was large enough to describe the field scale 
heterogeneity. 
Another method commonly employed to simplify the eflFects of heterogeneity is to 
monitor drain tile outflow (Steenhuis et al., 1990; Everts and Kanwar, 1990). Analyzing 
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drain tile outflow offers the advantage of integrating preferential flow paths and soil 
heterogeneity into field scale parameters. Accurate measurements of the tile effluent can be 
used to evaluate the effect of various tillage and chemical management practices on water 
quality, but it is difficult to determine the preferential flow component of the outflow 
hydrograph. 
Computer models have been widely used in an effort to quantify chemical movement 
through the soil profile. Models such as GLEAMS, PRZM, and LEACHM have been used 
to evaluate the effects of tillage and chemical management practices on water quality. These 
models are based on the convective-dispersion equation and do not consider preferential 
flow paths through which the solute can quickly bypass the soil matrix. However, convective 
dispersion based models have been used successfully to predict solute movement in a ring 
infiltrometer study (Jabro et al., 1993), undisturbed soil column tests (Jardine et al., 1988; 
Singh and Kanwar, 1991) and a long term study using in situ soil columns (Comfort et al., 
1993). 
Computer models which consider preferential flow are currently being developed 
(Corwin et al., 1991; Gerke and van Genuchten, 1993), but most popular models use the 
Richards equation for variably saturated flow, and the convection-dispersion equation for 
solute transport. Although these models have been used successfully for a wide range of soil 
types, climatic conditions, and management practices, there is a need to determine the role of 
preferential flow in solute transport to ensure that these models adequately estimate water 
and solute transport under field conditions. 
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Materials and Methods 
Rainfall Simulation 
A large borehole cavity installed at the Agronomy-Agricultural Engineering Research 
Center near Ames, Iowa was used to investigate the transport of surface applied tracers 
through the vadose zone (Olson and Kanwar, 1994a). The borehole cavity system consisted 
of a 3 m diameter by 3.5 m length culvert installed vertically in the soil profile along with 
instrumentation to collect soil water samples and measure changes in soil water pressure 
head. Twenty-five stainless steel suction lysimeters (0.06 m diameter by 1 m length) were 
installed radially firom the cavity wall to collect soil water samples at five depths in the soil 
profile with five replications at each depth (Figure 1). Additionally, fifteen electronic 
tensiometers were installed at the three shallower depths to monitor changes in pressure 
head. 
The rainfall simulation experiment was conducted by placing a rotating boom 
sprinkler machine over the borehole cavity which applied water over an 18 m diameter area. 
Potassium chloride was dissolved in the rainwater at a concentration of 230 mg L"' chloride 
to illustrate infiltration of the applied water while potassium bromide was applied to the soil 
surface at an application rate of 175 kg ha"' bromide which was the rate of nitrogen fertilizer 
applied in the past. Additionally, two agricultural herbicides (metolachlor and metribuzin) 
were applied to the soil surface three weeks prior to the rainfall simulation experiment. 
Originally it was planned to conduct the simulation shortly after herbicide application, but 
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time constraints caused the three week delay. Unfortunately, a 1.8 cm natural rainfall event 
over an 18 hour time period occurred five days after herbicide application. 
A target rainfall depth of 12.7 cm at a rate of 1.5 cm h"^ was applied to the soil 
surface. However, a moderate windspeed caused a range of application depths ranging from 
10.2 to 13.9 cm while the actual application time was 7.5 h. Water samples were collected 
every fifteen minutes or as often as possible fi-om each suction lysimeter for conservative 
tracer analysis while samples were collected hourly for herbicide analysis. Herbicide samples 
at the 240 and 300 depths were composited fi-om the five lysimeters at each depth to reduce 
the cost of analysis. Samples were collected for a total of 14.5 h which included 7 h after the 
rainfall simulation was completed. Additional samples were collected the following day to 
give an indication of tracer movement overnight. 
A total of 1175 samples were collected for conservative tracer analysis while 180 
samples were collected for herbicide analysis. Chloride and bromide concentrations were 
determined using a High Pressure Liquid Chromatograph (HPLC) with detection limits of 
approximately 0.1 mg L'^ for chloride and bromide while herbicide concentrations were 
determined using a Gas Chromatograph (GC) with detection limits of 0.1 |ig L"^ for 
metolachlor and metribuzin. 
Mass Balance of Tracers 
Mass balance estimates were determined at 2.54 cm rainfall increments based on 
observed concentrations below the water table. Mass balance estimates were not estimated 
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above the water table because the appropriate water volume corresponding to observed 
concentrations could not be determined from the data collected during the experiment. For 
example, soil water samples were collected every 15 min during the experiment, but the 
available sample volume during this time period was not recorded. 
The observed pressure head data could have been used to estimate the water volume, 
but there was a concern that the observed concentrations were not representative of the total 
soil water. Magid and Christensen (1993) found that using zero-tension sampling methods 
represented the flux concentrations while tension sampling methods using -700 cm of tension 
were approximations of resident concentrations. Since soil water samples were collected 
under low tension (-150 cm) during this experiment, it was probable that observed 
concentrations were representative of local flux concentrations, rather than resident 
concentrations. 
Therefore, a mass balance per unit area below the water was calculated to estimate 
the leaching of tracers to the shallow groundwater system. The mass balance was calculated 
by: 
M,=C,d,id,-e^x\0-' (1) 
where 
Mi= 
C i = i  
mass of tracer in soil layer i, (kg ha"') 
observed tracer concentration, (mg L"') 
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di= saturated thickness of soil layer i, (cm) 
0s = saturated moisture content (cm' cm"') 
0r = residual moisture content (cm' cm"') 
The volume of water (0s - 0r) represented an estimate of the mobile water which contributed 
to the transport flux and may be a more representative estimate of actual mass of tracer 
present in the profile (Jaynes et al., 1988). 
Additionally, mass balances were conducted only in cases when the suction lysimeter 
was at least 10 cm below the water table. It was reasoned that when the suction lysimeter 
was at least 10 cm below the water table, observed concentrations would be more 
representative of the actual concentration in the soil layer. 
Computer Simulations 
The two dimensional computer model, SWMS_2D, was used to simulate observed 
water and tracer transport. The model is public domain software which has been verified 
against a large number of test cases (Simunek et al., 1994) and was considered suitable for 
application with this experiment. The model was chosen because of the ability to consider 
two dimensional axisymmetric flow (radial coordinates) and the relatively simple input data 
required. A two dimensional model was used because there was a concern about lateral 
movement of water and tracer as a water table mound was created around the borehole 
cavity. 
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The model used a finite element method to numerically solve the governing equations 
for water flow and solute transport in two-dimensional variably saturated media. The 
governing equation for two-dimensional Darcian flow of water used by the model was a 
modified form of the Richards equation (Simunek et al, 1994): 
0 = volumetric water content (L^ L'^) 
h = pressure head (L) 
S = sink term (T^) 
Xi = spatial coordinates (L) 
t = time (T) 
Ky = components of a dimensionless anisotropy tensor 
K = unsaturated hydraulic conductivity function (L T"') 
The unsaturated hydraulic conductivity function (K) is given by (Simunek et al., 1994): 
dt a:,. ' dc^  (2) 
where 
K(h,x,z) = K,(x,z)K,(h,x,z) (3) 
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where 
Kr = relative hydraulic conductivity (L T^) 
K, = saturated hydraulic conductivity (L T"') 
The governing equation for solute transport during transient water flow in a variably 
saturated porous media was (Simunek et al., 1994): 
dOc dps d dc dqfi r, n o 
where 
c = solution concentration (ML'^) 
s = adsorbed concentration (-) 
qi = the i"* component of the volumetric flux (LT"') 
fiw, fij= first-order rate constants for solutes in the liquid and solid phases 
(T"'), respectively 
Yw, ys= zero-order rate constants for solutes in the liquid (ML'^T'')and solid 
phases (T"'), respectively 
p = soil bulk density (ML'^) 
S = sink term in the water flow equation (T"^) 
Dij = dispersion coefficient tensor (L^T"') 
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The zero and first order rate constants can be used to represent solute transformations such 
as biodegradation, volatilization, precipitation, and radioactive decay. 
The model required basic soil information such as soil water characteristics, saturated 
hydraulic conductivity and dispersivity as input. The model employs a set of closed-form 
equations to obtain the soil water retention (0(h)), and hydraulic conductivity (K(h)) 
functions (van Genuchten, 1980); 
e - e .  
" mahTY 
0(h) = 
e. 
h < 0  
h > 0  
(5) 
where 
0r = residual water content (L^L'^) 
0s = saturated water content (L^L"^) 
h = pressure head (L) 
a,n = regression coefificients obtained from the soil water characteristic curve 
m = 1 - 1/n 
K(h) = 
iKK^ih) h<0 
h > Q  
(6) 
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The model was limited to simulating five different soil layers in the profile. 
Therefore, layers were identified based on soil descriptions during installation of the 
borehole cavity. Soil water characteristics data for the Nicollet soil around the borehole 
cavity were obtained from the literature (Kanwar et al., 1988). Volumetric soil moisture 
contents at tensions ranging from 9.6 to 12,000 cm were available for soil layers to the 120 
cm depth. 
The model utilized Equation (5) to describe the soil water characteristics and the 
measured moisture contents were used to define the parameters a and n for model input 
(Table 1) as described by van Genuchten (1980). Soil water characteristics at the 120 cm 
depth were assumed to be representative of the 120 to 340 cm depths. Since the water table 
was initially at 160 to 180 cm from the soil surface, the saturated moisture content was the 
most important soil water characteristic at these depths during the experiment. 
Saturated hydraulic conductivity values to the 180 cm depth were measured during 
installation of the borehole cavity and the hydraulic conductivity for the 180 to 340 cm depth 
layer was obtained from the literature (Kanwar et al., 1993). The average measured 
saturated hydraulic conductivity values for the 40 to 340 cm depths were increased by an 
order of magnitude for use in the model (Table 1) because preliminary simulations predicted 
water ponding on the soil surface. Since no ponding was observed in the field, an adjustment 
of hydraulic conductivity was justified. 
Dispersivity values used as model input (Table 2) were obtained from the literature. 
The dispersivity value of 0.18 m used for the 0 to 120 cm depths was determined from 
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solute breakthrough curve experiments conducted on soil columns from the Nicollet soil 
(Singh and Kanwar, 1991). Similarly, the dispersivity value of 0.016 m used for the 120 to 
340 cm depths was determined from shelby tube samples collected from the Nicollet soil 
(Kanwar et al., 1993). Additionally, the soil profile was assumed to be isotropic and the 
values reported in the literature were assumed to be representative of the longitudinal and 
transverse dispersivity. 
An 18 m by 3.4 m finite element grid was constructed for the experimental area 
(Figure 2). An unoxidized glacial till layer was present at the 3.4 m depth and used as an 
impermeable bottom boundary. The left boundary represented the borehole cavity wall 
located 1.5 m from the center of the axisymmetric area. The right boundary (x = 19.5 m) 
was an arbitraiy distance chosen because preliminary simulations showed no water table 
response at this point and it was assumed the impermeable boundary condition would not 
affect model predictions. The perimeter of the grid was defined as impermeable except for 
the soil surface at x = 1.5 to 9.1 m where the rainfall was applied. This configuration was 
used because the model uses an atmospheric data file to input rainfall data and defining an 
impermeable boundary for a portion of the soil surface prevented rain water from entering 
the grid at these points. 
Simulations were conducted for each of the five areas around the borehole cavity 
because of the range of water applied to the soil surface. The input parameters listed in 
Tables 1 and 2 and the grid illustrated in Figure 2 were used for each area. However, the 
atmospheric data file was changed for each area to reflect the different rainfall depths. It was 
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assumed the observed rainfall depth was applied uniformly over the 7.5 h time period. 
Additionally, the model was limited to simulating transport of one solute. Therefore, the 
model was used twice to simulate chloride and bromide movement. Chloride input was 
simulated by specifying the applied concentration in the rainwater. Bromide input was 
simulated by a one minute pulse of bromide enriched rainwater such that the total mass 
applied was equivalent to the 175 kg/ha application rate. 
Results and Discussion 
Observed Tracer Breakthrough Curves 
Tracer breakthrough curves observed during the experiment exhibited a wide range 
of responses, of which some resembled classic convective transport while others were 
consistent with preferential flow. Additionally, in some cases tracers were detected at the 
deeper depths before detection at the shallower depths. A more thorough discussion of 
observed breakthrough curves is presented elsewhere (Olson and Kanwar, 1994b). 
In one case, chloride concentration at the 120 cm depth was near the applied 
concentration within two hours of initiating rainfall (Figure 3). Since observed chloride 
concentrations were near the concentration in the rainwater, this response was attributed to 
macropore flow where the surface water flowed directly to the 120 cm depth with limited 
mixing in the soil matrix. The corresponding bromide concentrations supported macropore 
flow because the initial samples collected had relatively low bromide concentrations. The 
sudden decrease in chloride concentration coincided with the water table reaching this depth 
105 
which may illustrate a change from measuring flux average concentration in the macropores 
to measuring volume average concentration below the water table. 
An example of the wide range of chloride responses is illustrated in Figure 4 which 
summarizes the responses at all five depths in Area B. Response at the 60 cm depth 
resembled convective transport while the response at the 120 cm depth was discussed 
earlier. Responses at the three remaining depths represented chloride movement to the 
shallow groundwater system where the initial water table position was at the 180 cm depth. 
Even though background concentration of chloride was approximately 30 mg L'\ it 
was apparent that chloride enriched water was leached to these depths during the 
experiment. Peak chloride concentrations were observed at both the 180 and 240 cm depths 
before the end of the rainfall simulation. It was possible that enriched water collected at the 
water table surface, and a sudden mixing action caused the peak concentrations. A second 
peak was observed at the 240 cm depth shortly before the end of the simulation which may 
have been caused by a second mixing action as enriched water collected at the water table. 
Similarly, bromide concentrations observed at all depths are illustrated in Figure 5. 
Breakthrough curves at the 60 and 180 cm depths resembled chloride breakthrough curves 
while bromide peaks did not occur with initial chloride peaks at the 120 and 240 cm depths. 
It was possible the early chloride peaks illustrated macropore flow where the infiltrating 
water bypassed bromide applied to the soil surface. Although observed bromide 
concentrations at the 300 cm depth were less than 5 mg L'\ bromide was first detected 
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within three hours of initiating rainfall which corresponded to a 5 cm rainfall application 
depth. 
Herbicide breakthrough curves did not show a definite trend as was observed with 
the conservative tracers. Generally, many of the samples were less than the 0.1 |jg L"' 
detection level with occasional detections of less than 0.5 fjg L'^ for either herbicide. One 
exception was observed at the 120 cm depth, which was the same lysimeter discussed 
earlier. The peak metolachlor concentration was 14 \xg L"' and the response was similar to 
chloride while the peak metribuzin concentration was 1.3 |ag L"' and the response was 
similar to bromide (Figure 6). 
Mass Balance of Tracers 
A mass balance per unit area was estimated using the observed concentrations. It was 
assumed the observed concentration was representative of a 60 cm soil layer (30 cm above 
and 30 cm below the sampling point) or less if the water table was less than 30 cm above the 
sampling point. Observed chloride concentrations were adjusted for background 
concentration before calculating the mass balance. 
Chloride tracer mass balances calculated at 2.54 cm incremental rainfall depths are 
summarized in Table 3. Additionally, mass balances were calculated at time equal to 840 
minutes after the start of the simulation which corresponded with termination of sample 
collection and at time equal to 1700 minutes which corresponded to samples collected the 
following day. 
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No response was observed below the water table in all areas after 2.54 cm of rainfall 
was applied but chloride masses ranging from 0 to 47% of the applied mass were detected 
below the water table after 5.08 cm of rainfall was applied to the soil surface. In area A, 2% 
of the applied mass was estimated to have leached to the 300 cm depth even though no 
change in mass was observed at the 180 and 240 cm depths. 
Chloride mass estimates at the 120 cm depth were 161 and 118 % of the applied 
mass in areas B and C after 7.62 cm of rainfall was applied. Similarly, the total estimated 
chloride mass in the soil profile for these areas was greater than 100% after 10.16 cm of 
rainfall was applied. This suggested that assuming the observed concentration was 
representative of the 60 cm saturated soil layer was not valid. The estimated mass balance 
may have been biased by a large concentration gradient within the soil layer. 
This suggested that mass balance estimates for time equal to 1700 min may be a 
more accurate estimate of chloride mass because the infiltrating water had time to mix with 
the resident water. In this case, estimated mass balances indicated that from 10 to 30% of 
the applied chloride tracer was leached below the 180 cm depth. 
Similarly, bromide mass balances calculated at 2.54 cm incremental rainfall depths 
are summarized in Table 4. Generally, the distribution of bromide mass with depth was 
similar to chloride. Estimates of bromide leaching below the 180 cm depth at time equal to 
1700 min showed that fi^om 4 to 17% of the surface applied tracer was leached below this 
depth. 
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Due to the erratic and low herbicide concentrations observed during rainfall 
application, mass balances were conducted using samples collected the following day. Most 
of the samples were below the detection limit, but measurable amounts were observed at 
two lysimeters at the 120 cm depth and one lysimeter at the 180 cm depth (Table 5). These 
mass estimates represented less than 0.03% of the applied metolachlor mass and less than 
0.07% of the applied metribuzin mass. 
Transport of these herbicides may have been reduced by the natural rainfall event 
which occurred after the herbicides were applied. The low intensity rainfall event was 
consistent with conditions suitable for allowing herbicides to move into the soil matrix and 
thereby reducing potential for transport through macropores during the rainfall simulation 
experiment (Shipitalo et al., 1990). 
Computer Simulations 
The two dimensional computer model, SWMS_2D, was used to simulate water and 
solute transport because there was a concern about lateral movement as a water table mound 
was created around the borehole cavity. Although no data were collected to verify lateral 
movement of water and solute outside the area where rainfall was applied, a two dimensional 
analysis was considered to be more applicable than a one dimensional model applied to the 
sampling point. 
Output from the model included the head and concentration at specified nodes (x = 
5.5 m) on the finite element grid which corresponded to where the electronic tensiometers 
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and suction lysimeters were located. Also, the maximum time step used in the model was set 
equal to one minute so that output would correspond to the one minute time interval that 
data were recorded with the data logger. 
The observed and simulated heads for all depths in area B are illustrated in Figure 7. 
Although there were slight discrepancies between observed and simulated values as rainfall 
was being applied, the magnitude and timing of the peaks were similar. The model 
overestimated the rate of water table decline after rainfall application ceased but accurately 
predicted the rate of change in the unsaturated zone (60 cm depth) even though there was a 
15 cm tension difference between observed and predicted values. These differences could be 
attributed to small differences in hydraulic conductivity or soil water properties between 
actual field conditions and what was used for model input. 
Observed versus predicted head data for all locations were summarized to illustrate 
the 13,000 paired observations of head data measured during the experiment (Figure 8). The 
coefficient of determination (r^) was equal to 0.9 while the slope of the regression line was 
nearly one. Overall, the model accurately predicted the head over the range of values 
observed in the soil profile. 
Model predictions of the head at nodal points corresponding to the measured 
locations were evaluated by calculating the standard error of estimate and the average 
deviation to describe the degree of variability between observed and predicted head data for 
each location. These statistics were determined by (Steel and Torrie, 1980): 
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s 
Z(y-y) '  
n-2 (7) 
AveDev = — (8) 
n 
Generally, the standard error of estimate was the least for the 180 cm depth locations 
which means the model more accurately predicted changes in water table position as 
opposed to changes in water content in the unsaturated zone (Table 6). This was probably 
due to differences in soil water characteristics between actual field conditions and estimates 
generated in the model. 
Although the model accurately predicted water movement during the experiment, the 
model underestimated solute transport. For example, the model predicted that chloride and 
bromide were not leached below the 180 cm depth 1700 min after the start of the simulation 
even though both tracers were detected at the 180 cm depth within 180 min of initiating 
rainfall. 
The dispersivity value of 0.016 m used for the 120 to 340 cm depths was 
approximately an order of magnitude less than the 0.182 m dispersivity value used for the 0 
to 120 cm depths. Therefore, the dispersivity values for the deeper depths were increased to 
0.16 m to determine whether solute transport predictions could be improved. 
I l l  
The depth of the predicted solute movement increased slightly due to higher 
dispersivity, but no improvement in solute transport was predicted by the model. In this case 
approximately 95% of the applied chloride mass remained in the top 120 cm of the soil 
profile. Since the water table was near the 120 cm depth when the solute front reached this 
depth, the pore water velocity was zero below this depth due to the impermeable boundaries. 
A contour map summarizing model predicted chloride movement after 1700 min is 
illustrated in Figure 9. The model predicted the solute front advanced to the 180 cm depth as 
indicated by the 1 mg L"^ contour line. The nearly horizontal contour lines indicated that 
solute movement was primarily in the vertical direction at x = 5.5 m where the suction 
lysimeters were located. This suggested that the area where rainfall was applied provided a 
buffer area such that solute transport was primarily in the vertical direction at the point of 
measurement. 
Bromide movement was similar to chloride in terms of depth of leaching but was 
distributed more evenly with depth (Figure 10). In this case, the model estimated that 
approximately 38% of the applied bromide remained in the top 60 cm and 90% of the 
applied bromide remained in the top 120 cm depth. The remaining 10% was estimated to 
have leached to the 120 to 180 cm depth layer in the profile. 
The data presented here were the results of the first experiment conducted using the 
large borehole cavity system. Tracer breakthrough curves indicated rapid movement of 
surface applied tracers to the water table. But quantifying the mass balance of tracers in the 
unsaturated zone was impossible with the data collected. Future use of the system needs to 
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address solute mass in the vadose zone before an accurate estimate of chemical transport can 
be obtained. Higher tensions applied to the suction lysimeters and collecting soil samples 
would provide additional information on solute mass in the vadose zone. 
The computer model accurately predicted water movement over the course of the 
experiment, but predicted solute transport was less than what was observed in the field. It 
appeared that preferential flow was a major contributor to solute transport during the 
experiment. However, the rainfall simulation was similar to the 6-h, 100-yr storm (Waite, 
1980) for central Iowa and observed solute transport may not be realistic during an average 
year. 
Summary and Conclusions 
A rainfall simulation experiment was conducted to test the newly installed borehole 
cavity system. Chloride was dissolved in the applied water to simulate water movement 
while bromide was applied to the soil surface at 175 kg ha"' application rate which was the 
rate of nitrogen fertilizer used in the past. Metolachlor and metribuzin herbicides were 
applied to the soil surface three weeks prior to conducting the rainfall simulation experiment. 
Soil water samples were collected every fifteen minutes for conservative tracer analysis while 
samples were collected hourly for herbicide analysis. 
Observed tracer breakthrough curves illustrated rapid movement of both chloride and 
bromide to the shallow groundwater system which was attributed to preferential flow. In one 
case, surface applied tracers were first detected at the 300 cm depth within three hours of 
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initiating rainfall which corresponded to a 5 cm rainfall depth. But tracers were not detected 
at shallower samplers in the same area at this time, which could only be attributed to 
preferential flow. 
The mass balances estimated from the observed concentration data illustrated the 
variability of water and chemical transport through the soil in the relatively small area around 
the borehole cavity. Additionally, the procedure used to estimate mass balance resulted in 
mass recoveries greater than 100 percent during the rainfall simulation. Mass balance 
estimates were probably due to large concentration gradients in the profile. 
The two dimensional model used to simulate observed responses accurately 
predicted changes in water table position, but underestimated the depth of solute movement 
during the experiment. Although it was possible the dispersivity parameter used as input into 
the model was less than the field effective value, the observed responses were more likely 
due to preferential flow. It appeared that models with a preferential flow component are 
needed to more accurately predict solute movement through glacial till soils in central Iowa. 
Specific conclusions of this study were; 
1. Preferential flow was a contributor to solute transport during the rainfall 
simulation experiment. However, additional data needs to be collected during 
future operation of the borehole cavity system to determine chemical mass in the 
vadose zone. 
2. The two dimensional computer model accurately predicted water movement but 
underestimated solute transport. Computer models which account for preferential 
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flow need to be used to accurately predict solute movement through glacial till 
soils in central Iowa. 
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Table 1. Hydraulic parameters of the Nicollet soil used as input for the computer model. 
Depth 0r 0» a n K, 
(cm) (cm^ cm"^) (cm^ cm"^) (m"^) (-) (m min' 
0 -40  0 .14  0 .39  1 .705 1 .343 5 .52x  10"^  
40-100 0.14 0.37 4.594 1.238 4.50x 10"' 
100- 120 0.12 0.36 6.462 1.227 1.60 x 10'^ 
120- 180 0.12 0.36 6.462 1.227 2.80x 10"' 
180-340 0.12 0.36 6.462 1.227 1.00x 10"* 
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Table 2. Solute transport parameters of the Nicollet soil used as input for the computer 
model. 
Dispersivity 
Depth pb ttL ax 
(cm) (kg m'^) (m) (m) 
0-40  1440 0 .182 0 .182 
40-  100 1370 0 .182 0 .182 
100-120 1444 0.182 0.182 
120-180 1444 0.016 0.016 
180-340 1444 0 .016 0 .016  
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Table 3. Chloride mass balance estimated at incremental rainfall depths and time periods. 
Rainfall 
Chloride mass balance in percentage of applied mass 
for five areas around the borehole cavity 
B Ave 
2.54 60 
120 — — — — — — 
180 0.0 0.0 0.0 0.0 0.0 0.0 
240 0.0 0.0 0.0 0.0 0.0 0.0 
300 0.0 0.0 0.0 0.0 0.0 0.0 
5.08 60 
120 — — — — — — 
180 0.0 14.8 4.3 0.0 27.1 7.0 
240 0.0 32.0 3.7 0.0 0.6 7.4 
300 2.0 0.0 0.0 0.0 0.0 0.4 
7.62 60 
120 — 161.3 117.7 22.3 — — 
180 5.5 4.8 10.4 1.1 21.3 6.2 
240 0.0 30.4 32.6 5.2 15.3 13.6 
300 4.0 0.6 0.0 1.4 6.7 1.8 
10.16 60 •• 75.4 
120 42.7 56.7 76.4 16.9 — — 
180 15.2 62.2 18.8 3.3 10.8 17.0 
240 0.6 32.0 38.8 5.6 9.4 13.3 
300 7.0 1.3 0.0 4.6 15.5 3.8 
t = 840 min 60 __ __ 
120 23.6 30.2 50.2 10.8 — — 
180 0.8 13.1 18.9 3.7 14.2 — 
240 4.6 18.0 18.9 4.6 5.5 — 
300 6.6 6.4 0.0 1.6 9.0 — 
t = 1700 min 60 — 
120 — 14.3 28.6 — ~ — 
180 1.4 2.3 14.6 3.5 10.6 — 
240 9.0 17.3 15.9 3.6 3.5 — 
300 4.0 4.3 0.0 3.0 2.9 ~ 
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Table 4. Bromide mass balance estimated at incremental rainfall depths and time periods. 
Rainfall 
Increment Depth fcm't 
Bromide mass balance in percentage of applied mass 
for five areas around the borehole cavity 
B D Ave 
2.54 60 — — — — ~ — 
120 — — — — — — 
180 0.0 0.0 0.0 0.0 0.0 0.0 
240 0.0 0.0 0.0 0.0 0.0 0.0 
300 0.0 0.0 0.0 0.0 0.0 0.0 
5.08 60 — 
120 — — — — — — 
180 0.0 0.1 0.0 0.0 4.3 0.5 
240 0.0 0.9 1.1 0.0 0.1 0.4 
300 0.2 0.0 0.0 0.0 0.0 0.0 
7.62 60 «_ 
120 — 6.5 40.3 8.5 — — 
180 1.3 1.1 1.9 0.5 2.7 1.1 
240 0.0 4.2 11.7 1.7 3.2 3.4 
300 1.3 1.8 0.0 1.6 1.0 0.9 
10.16 60 36.6 __ __ 
120 1.4 19.1 38.0 12.8 — — 
180 4.9 12.7 6.3 3.4 2.5 5.0 
240 2.6 9.9 11.8 2.6 3.0 5.0 
300 3.4 2.1 0.0 4.3 2.7 2.0 
t = 840 min 60 __ __ 
120 1.9 17.5 46.7 8.5 — ~ 
180 5.7 9.5 8.0 3.6 3.1 — 
240 5.9 11.0 6.1 2.8 1.8 — 
300 4.5 1.5 0.0 2.1 0.5 — 
t = 1700 min 60 — 
120 — 8.5 33.0 — — --
180 5.8 3.5 8.0 2.8 2.6 — 
240 6.8 8.8 5.8 2.3 1.3 — 
300 4.4 1.9 0.0 1.5 0.1 — 
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Table 5. Herbicide mass balance for samples collected the day after the rainfall simulation. 
Metolachlor mass in kg ha'^ 
Time 
fmin') Depth fcm) A B C D E 
1700 60 NSA NSA NSA NSA NSA 
120 NSA 4.97x10"* NDA NDA NSA 
180 1.25x10"^ NDA NDA NDA NDA 
240 NDA NDA NDA NDA NDA 
300 NDA NDA NDA NDA NDA 
Metribuzin mass in kg ha'^ 
1700 60 NSA NSA NSA NSA NSA 
120 NSA 3.70x10"^ 1.24x10"^ NDA NSA 
180 NDA NDA NDA NDA NDA 
240 NDA NDA NDA NDA NDA 
300 NDA NDA NDA NDA NDA 
NSA = no sample available 
NDA = no detectable amount 
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Table 6. Standard error of estimate and average deviation statistics describing the variability 
in predicted pressure head. 
Depth (cm) Statistic A B C D E 
60 
^YX 15.8 9.3 16.5 13.8 ~ 
Ave Dev 13.6 17.6 14.8 13.3 ~ 
120 
'^YX 11.5 10.5 6.6 8.3 — 
Ave Dev 24.0 26.0 23.3 21.8 ~ 
180 
•^YX 7.8 9.7 9.7 8.3 8.2 
Ave Dev 28.8 21.\ 24.6 23.3 28.7 
sampler depths plot midpoint 
1.8 m 
0.6 m 
Area C Area £ 
0.6 m 
0.6 m 
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OVERALL SUMMARY AND CONCLUSIONS 
As conservation tillage practices become more widely adopted, the threat of 
increased leaching of agricultural chemicals through the root zone and exiting through drain 
tiles or infiltrating to groundwater aquifer systems is a major concern to farmers and the 
general public. Although conservation tillage is a beneficial management practice in terms of 
reducing soil erosion, the opposite may be true if widespread adoption of these practices 
results in degradation of groundwater resources. 
Past research has been shown that preferential flow occurs in most natural soil 
systems, but decayed root channels and earthworm burrows can persist in fields where 
conservation tillage is established, thus increasing the likelihood of preferential transport of 
chemicals. Although much research has focused on preferential flow and transport of 
chemicals, the eflfect of preferential flow on groundwater quality is largely unknown. 
The borehole cavity system described in this dissertation proved to be a valuable 
tool for studying preferential flow phenomena. Data obtained using the system clearly 
demonstrated rapid movement of surface applied tracers to the shallow groundwater 
system. However, the wide range of breakthrough curves observed during the rainfall 
simulation experiment emphasized the random nature of preferential flow, even in the 
relatively uniform soil around the borehole cavity. 
The rainfall simulation experiment fiinctioned as both a learning experience to 
pinpoint any unforeseen problems with the data acquisition system and as a chance to study 
tracer nugration from the soil surface to the water table. Tracer breakthrough curves 
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observed during the experiment provided clues to the nature of preferential flow, but the 
results indicated that additional data needs to be collected during future rainfall simulation 
experiments. 
For example, soil water samples were not attainable unless the lysimeters were near 
saturation or below the water table. Therefore, future experiments should address the issue 
of residual tracer mass in the soil matrix, perhaps by applying water over a larger area and 
collecting soil samples some distance from the lysimeters to prevent destruction of the soil 
conditions around the borehole cavity. Also, applying water over a larger area would 
minimize lateral movement of water from the sampling area. 
The two dimensional computer model used to simulate water and solute transport 
during the experiment accurately predicted water movement but underestimated solute 
transport. The presence of preferential flow paths in the soil caused rapid transport of 
chemicals to the water table, whereas the model does not consider solute transport through 
preferential flow paths. Therefore, models which consider preferential flow would provide a 
better estimate of chemical transport through the glacial till soil profile. 
As stated eariier, the borehole cavity proved to be a valuable tool, but much 
additional research is required to quantify preferential transport of agricultural chemicals 
and determine the effect of preferential flow on water quality. This experiment laid the 
groundwork for future use of the borehole cavity to study preferential transport of 
chemicals under natural and simulated rainfall conditions. The system has the potential to 
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study the effect of tillage and chemical management practices as well as rainfall intensity and 
timing of rainfall events on chemicals leaching from the root zone. 
Although the borehole cavity may not answer all questions about preferential 
transport of water and chemicals, data collected with the system will enable definition of 
best management practices which protect groundwater resources as well as soil and surface 
water resources. Then the true value of the system will be realized. 
Specific conclusions of this study were: 
1. The borehole cavity system can be used to determine the role of preferential 
flow in chemical transport through the vadose zone by monitoring changes in 
soil water pressure head and water quality under simulated and natural rainfall 
conditions. 
2. Preferential flow has the potential to be a major factor in chemical leaching in 
glacial till soils in central Iowa. However, herbicide breakthrough curves 
observed during the experiment suggested that the first storm after application 
was a major factor affecting leaching losses to the water table. 
3. A convection-dispersion based model accurately predicted water movement but 
underestimated solute transport observed during the rainfall simulation 
experiment. It appeared that models which consider preferential flow are 
necessaiy to accurately predict solute transport through glacial till soils. 
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RECOMMENDATIONS FOR FUTURE WORK 
The borehole cavity system showed potential to provide many answers concerning 
the role of preferential flow on groundwater quality. However, future studies need to 
address unanswered questions in this study. For example, the wide range of breakthrough 
curves observed during the experiment were consistent with one or more preferential flow 
mechanisms. However, it was impossible to determine exactly what these mechanisms were 
based on the data collected. A nondestructive methodology, such as ground penetrating 
radar could be used to describe preferential flow paths around the borehole cavity which 
would aid in quantifying chenucal transport above the water table. 
Additionally, the eflEect of preferential flow on chemical leaching to the water table 
system should be determined. Rainfall simulation experiments using low rainfall intensity to 
prevent preferential flow could be used to determine the matrix flow of water through the 
profile. Then increasing rainfall intensity would enable separating preferential flow from the 
total water and solute transport. 
Finally, in order to fully utilize the system, long term experiments studying the effect 
of tillage and chemical management practices on groundwater quality should be conducted 
to determine best management practices for glacial till soils. 
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APPENDIX A 
CONSERVATIVE TRACER 
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Figure Al. Breakthrough curves observed at lysimeter A2 located in area A at the 60 cm depth. 
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Figure A2. Breakthrough curves observed at lysimeter B2 located in area B at the 60 cm depth. 
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Figure A3. Breakthrough curves observed at lysimeter C2 located in area C at the 60 cm depth. 
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Figure A4. Breakthrough curves observed at lysimeter D2 located in area D at the 60 cm depth. 
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Figure A5. Breakthrough curves observed at lysimeter E2 located in area E at the 60 cm depth. 
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Figure A6. Breakthrough curves observed at lysimeter A4 located in area A at the 120 cm depth. 
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Figure A7. Breakthrough curves observed at lysimeter B4 located in area B at the 120 cm depth. 
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Figure A8. Breakthrough curves observed at lysimeter C4 located in area C at the 120 cm depth. 
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Figure A9. Breakthrough curves observed at lysimeter D4 located in area D at the 120 cm depth. 
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Figure AlO. Breakthrough curves observed at lysimeter E4 located in area E at the 120 cm depth. 
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Figure A11. Breakthrough curves observed at lysimeter A6 located in area A at the 180 cm depth. 
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Figure A12. Breakthrough curves observed at iysimeter B6 located in area B at the 180 cm depth. 
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Figure A13. Breakthrough curves observed at lysimeter C6 located in area C at the 180 cm depth. 
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Figure A14. Breakthrough curves observed at lysimeter D6 located in area D at the 180 cm depth. 
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Figure A15. Breakthrough curves observed at lysimeter E6 located in area E at the 180 cm depth. 
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Figure A16. Breakthrough curves observed at lysimeter A8 located in area A at the 240 cm depth. 
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Figure A17. Breakthrough curves observed at lysimeter B8 located in area B at the 240 cm depth. 
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Figure A18. Breakthrough curves observed at lysimeter C8 located in area C at the 240 cm depth. 
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Figure A19. Brealcthrough curves observed at lysimeter D8 located in area D at the 240 cm depth. 
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Figure A20. Breaicthrough curves observed at lysimeter E8 located in area E at the 240 cm depth. 
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Figure A21. Breakthrough curves observed at lysimeter AlO located in area A at the 300 cm depth. 
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Figure A22. Breakthrough cur\'es observed at lysimeter BIO located in area B at the 300 cm depth. 
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Figure A23. Breakthrough curves observed at lysimeter CIO located in area C at the 300 cm depth. 
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Figure A24. Breakthrough curves observed at lysimeter DIO located in area D at the 300 cm depth. 
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Figure A25. Breakthrough curves observed at lysimeter ElO located in area E at the 300 cm depth. 
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APPENDIX B 
HERBICIDE 
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Figure Bl. Herbicide breakthrough curves observed at lysimeter B2 located in area B at the 60 cm depth. 
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Figure B2. Herbicide breakthrough curves observed at lysimeter C2 located in area C at the 60 cm depth. 
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Figure B3. Herbicide breakthrough curves observed at lysimeter D2 located in area D at the 60 cm depth. 
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Figure B4. Herbicide breakthrough curves observed at lysimeter A4 located in area A at the 120 cm depth. 
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Figure B5. Herbicide breakthrough curves observed at lysimeter B4 located in area B at the 120 cm depth. 
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Figure B6. Herbicide breakthrough curves observed at lysimeter C4 located in area C at the 120 cm depth. 
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Figure B7. Herbicide breakthrough curves observed at lysimeter D4 located in area D at the 120 cm depth. 
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Figure B8. Herbicide breakthrough curves observed at lysimeter E4 located in area E at the 120 cm depth. 
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Figure B9. Herbicide breakthrough curves observed at lysimeter A6 located in area A at the 180 cm depth. 
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Figure BIO. Herbicide breakthrough curves observed at lysimeter B6 located in area B at the 180 cm depth. 
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Figure B11. Herbicide breakthrough curves observed at lysimeter C6 located in area C at the 180 cm depth. 
200 
150 
100 
.2 50 
0 
-50 
-100 
^ End Simulation 
-
• 
• - -
• 
- D • m 
m 
1 I_ . I I I 1 1 • 
0.12 
0.1 
0.08 
0.06 
0.04 
0.02 
0 
0 200 400 600 800 1000 1200 1400 1600 1800 
Time (minutes from start of simulation) 
—D6 • Atr A Metr • Meto • Cyan 
Figure B12. Herbicide breakthrough curves observed at lysimeter D6 located in area D at the 180 cm depth. 
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Figure B13. Herbicide breakthrough curves observed at lysimeter E6 located in area E at the 180 cm depth. 
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Figure B14. Herbicide breakthrough curves observed at the 240 cm depth. 
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Figure B15. Herbicide breakthrough curves observed at the 300 cm depth. 
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APPENDIX C 
SAMPLE INPUT DATA FOR 
SWMS_2D COMPUTER PROGRAM 
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Table CI. Sample input data for Area A (input file 'SELECTOR.IN'). 
***** BLOCK A" BASIC INFORMATION ********************** 
Heading 
'Area A: Rainfall =11.4 cm' 
LUnit TUnit Munit (indicated units are obligatory for all input data) 
'm' 'min' 'kg' 
Kat (O:horizontal plane, l.axisymmetric vertical flow,2:vertical plane) 
1 
Maxit TolTh TolH (Max. number of iterations and precis, tolerances) 
20 0.0001 0.1 
IWat IChem ClieckF ShortF FluxF AtmInF SeepF FreeD DrainF 
t  t f t f t f f f  
***** BLOCK B" MATERIAL INFORMATION ********************** 
NMat Nlay hTabl htabN Npar 
5 5 0.001 200 9 
thr ths tha thm Alfa n Ks Kk thk 
0.14 0.39 0.14 0.39 1.705437 1.343142 0.00552 0.00552 0.39 
0.14 0.37 0.14 0.37 4.594407 1.238346 0.0045 0.0045 0.37 
0.12 0.36 0.12 0.36 6.461848 1.227364 0.016 0.016 0.36 
0.12 0.36 0.12 0.36 6.461848 1.227364 0.0028 0.0028 0.36 
0.12 0.36 0.12 0.36 6.461848 1.227364 0.0001 0.0001 0.36 
***** BLOCK C; TIME INFORMATION ********************** 
dt dtMin dtMax DMul DMul2 MPL 
I 0.001 1.00 1.33 0.35 6 
TPrint(l),TPrint(2),...,TPrint(MPL) 
150 300 450 600 840 1700 
***** BLOCK G: SOLUTE TRANSPORT INFORMATION ****** 
Epsi lUpW lArtD PeCr 
1 t f 0 
Bulk.d. Difus. Disper. Adsorp. SinkLl SinkSl SinkLO SinkSO 
1440 0 0.1818 0.1818 0 0 0 0 0 
1370 0 0.1818 0.1818 0 0 0 0 0 
1444 0 0.1818 0.1818 0 0 0 0 0 
1444 0 0.0164 0.0164 0 0 0 0 0 
1444 0 0.0164 0.0164 0 0 0 0 0 
KodCB(l),KodCB(2),.. ..,KodCB(NumBP) 
-4 -4 -4 -4 -4 -4 -4 -4 -4 -4 
cTop cBot 
0.0 0.0 0.0 1.0 0.0 0.0 
tPulse 
450 
*** END OF INPUT FILE 'SELECTOR IN' ************************** 
187 
Table C2. Sample input data for Area A (input file 'GRED.IN'). 
*** BLOCK H; NODAL INFORMATION *************** 
NumNP NumEl IJ NumBP NObs 
408 368 17 13 5 
n Code X z h Cone Q M B Axz Bxz Dxz 
1 -4 1.50 3.40 -1.10 0.00 0.00 1 0.00 1.00 1.00 1.00 
2 0 1.50 3.35 -1.05 0.00 0.00 1 0.00 1.00 1.00 1.00 
3 0 1.50 3.30 -1.00 0.00 0.00 1 0.00 1.00 1.00 1.00 
4 0 1.50 3.20 -0.90 0.00 0.00 1 0.00 1.00 1.00 1.00 
5 0 1.50 3.10 -0.80 0.00 0.00 1 0.00 1.00 1.00 1.00 
6 0 1.50 3.00 -0.70 0.00 0.00 2 0.00 1.00 1.00 1.00 
7 0 1.50 2.80 -0.50 0.00 0.00 2 0.00 1.00 1.00 1.00 
8 0 1.50 2.60 -0.41 0.00 0.00 2 0.00 1.00 1.00 1.00 
9 0 1.50 2.40 -0.33 0.00 0.00 3 0.00 1.00 1.00 1.00 
400 0 19.50 2.40 -0.33 0.00 0.00 3 0.00 1.00 1.00 1.00 
401 0 19.50 2.20 -0.25 0.00 0.00 3 0.00 1.00 1.00 1.00 
402 0 19.50 1.90 -0.10 0.00 0.00 4 0.00 1.00 1.00 1.00 
403 0 19.50 1.60 0.20 0.00 0.00 4 0.00 1.00 1.00 1.00 
404 0 19.50 1.30 0.50 0.00 0.00 5 0.00 1.00 1.00 1.00 
405 0 19.50 1.00 0.80 0.00 0.00 5 0.00 1.00 1.00 1.00 
406 0 19.50 0.70 1.10 0.00 0.00 5 0.00 1.00 1.00 1.00 
407 0 19.50 0.40 1.40 0.00 0.00 5 0.00 1.00 1.00 1.00 
408 0 19.50 0.00 1.80 0.00 0.00 5 0.00 1.00 1.00 1.00 
*** BLOCK I; ELEMENT INFORMATION *************** 
e i j k 1 angle Anizl Aniz2 Laynun 
1 2 19 18 1 0.00 1.00 1.00 1 
2 3 20 19 2 0.00 1.00 1.00 1 
3 4 21 20 3 0.00 1.00 1.00 1 
4 5 22 21 4 0.00 1.00 1.00 1 
5 6 23 22 5 0.00 1.00 1.00 1 
6 7 24 23 6 0.00 1.00 1.00 2 
7 8 25 24 7 0.00 1.00 1.00 2 
365 388 405 404 387 0.00 1.00 1.00 5 
366 389 406 405 388 0.00 1.00 1.00 5 
367 390 407 406 389 0.00 1.00 1.00 5 
368 391 408 407 390 0.00 1.00 1.00 5 
188 
Table C2. Sample input data for Area A (input file 'GRID.IN') (continued). 
*** BLOCK J; BOUNDARY GEOMETRY INFORMATION *************** 
Node number array: 
1 18 35 52 69 86 103 120 137 
154 171 188 205 
Width array; 
5.76 15.71 21.99 28.27 26.97 22.99 20.84 17.84 18.85 
19.85 20.86 21.86 11.26 
Length: 
0.00 
PRINT INFORMATION FOR THESE NODES 
75 78 80 82 84 
*** END OF INPUT FILE 'GRID IN' **************************** 
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Table C3. Sample input data for Area A (input file 'ATMOSPH.IN'). 
**** BLOCK K: ATMOSPHERIC INFORMATION ************************ 
**** 1992 BOREHOLE CAVITY, Area A***Rainfall= 11.4 cm 
SinkF qGWLF 
f f 
GWLOL Aqh Bqh 
3.4 0 0 
tinit MaxAL 
0 448 
hCritS (max. allowed pressure head at surface) 
0.5 
tAtm Prec cPrec rSoil rRoot hCritA rt ht crt cht 
1 0.000253 0.23 0 0 5 0 0 0 0 
2 0.000253 0.23 0 0 5 0 0 0 0 
3 0.000253 0.23 0 0 5 0 0 0 0 
4 0.000253 0.23 0 0 5 0 0 0 0 
5 0.000253 0.23 0 0 5 0 0 0 0 
6 0.000253 0.23 0 0 5 0 0 0 0 
7 0.000253 0.23 0 0 5 0 0 0 0 
8 0.000253 0.23 0 0 5 0 0 0 0 
9 0.000253 0.23 0 0 5 0 0 0 0 
10 0.000253 0.23 0 0 5 0 0 0 0 
11 0.000253 0.23 0 0 5 0 0 0 0 
12 0.000253 0.23 0 0 5 0 0 0 0 
13 0.000253 0.23 0 0 5 0 0 0 0 
14 0.000253 0.23 0 0 5 0 0 0 0 
15 0.000253 0.23 0 0 5 0 0 0 0 
440 0.000253 0.23 0 0 5 0 0 0 0 
441 0.000253 0.23 0 0 5 0 0 0 0 
442 0.000253 0.23 0 0 5 0 0 0 0 
443 0.000253 0.23 0 0 5 0 0 0 0 
444 0.000253 0.23 0 0 5 0 0 0 0 
445 0.000253 0.23 0 0 5 0 0 0 0 
446 0.000253 0.23 0 0 5 0 0 0 0 
447 0.000253 0.23 0 0 5 0 0 0 0 
1700 0 0 0 0 5 0 0 0 0 
*** END OF INPUT FILE 'ATMOSPH IN' ****************************** 
